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ABSTRACT

Tables and graphs of the number densities of hydrogen atoms (H), protons (H*), free
electrons (e”), hydrogen molecules {Hz}, negative hydrogen ions (H), hydrogen diatomic
molecular ions (H;'}, and hydrogen triatomic molecular ions (Hg) in a hydrogen gas or
plasma in thermodynamic equilibrium were computed for temperatures from 300 to
40 000 K and pressures from 1.01325x10° to 1. 01325x10% N/m? (1 to 1000 atm) except
for a small, high-density region. For temperatures above 2000 K, the Debye-Hiickel
approximation was employed, Morse potentials are given for all singly excited attractive
states of H2 with principal quantum numbers to 17. A FORTRAN IV computer program
for computing number densities and other properties of a hydrogen plasma is included.
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COMPONENTS OF A HYDRCGEN PLASMA INCLUDING MINCR SPECIES
by R. W, Patch

Lewis Research Center

SUMMARY

Tables and graphs of the number densities of hydrogen atoms (H), protons (H"'),
free electrons (e”), hydrogen molecules (H,), negative hydrogen ions (H™), hydrogen
diatomic molecular ions (H;), and hydrogen triatomic molecular ions (H-:;) in a hydrogen
gas or plasma in thermodynamic equilibrium were computed for temperatures from 300
to 40 000 K and pressures from 1. 01325x10° to 1. 01325x10° newtons per square meter
(1 to 1000 atm) except for a small, high-density region. For temperatures above 2000 K,
the Debye-Hiickel approximation was employed. The ion Hé’ had not been included in
previous calculations and was found to cause large increases in e~ and H™ number den-
sities at small degrees of ionization. The results presented in this report are believed
to be the most accurate available. They are particularly applicable to calculating optical
absorption coefficients. Also given are Morse potentials for all singly excited attractive
states of H, with principal quantum numbers to 17.

A computer program in FORTRAN IV for computing number densities and other
properties of a hydrogen plasma with or without coulomb interactions between free par-
ticles is presented. Sample problems and a flow diagram are also included.

INTRGDUCTION

In high-temperature propulsion devices such as gaseous-core nuclear rockets, the
dominant mechanism of heat transfer is radiant energy exchange between volumes of
plasma and between the plasma and the wall., To calculate such heat transfer, it is
necessary to know the opacity of the plasma. For a hydrogen plasma under many condi-
tions, minor species make major contributions tothe opacity, so their number densities
must be known.



In past work (refs. 1to 6)a wide variety of assumptions has been made, some of
which were later shown to be invalid, and in no case were the hydrogen triatomic molec-
ular ion (Hg) or excited electronic states of the hydrogen molecule (Hz) (designated H; in
this report) included. This investigation was conducted to provide more accurate esti-
mates of number densities for hydrogen for temperatures between 300 and 40 000 K and
pressures between 1. l}1325><1£&5 and 1. 01325><108 newtons per square meter (1 to 1000 atm).
The species included above 2000 K were the hydrogen atom (H), the proton (H+), the
free electron (e”), the negative hydrogen ion (H™), the hydrogen diatomic molecular ion

E), H, (including H;), and Hg It was not feasible to estimate virial coefficients for
all the species, so all intermolecular forces involving neutral species were neglected.
This necessitated excluding a high-density region near 300 K and 108 newtons per square
meter from the investigation.

One of the objects of the investigation was to find the effect of including H'g on calcu-
lated number densities of e and H . Once this is known, the effect of H3 on calculated
electrical conductivity and opacity can be obtained,

ANALY SIS

The calculation of number densities over the wide range of 40 000 to 300 K neces-
sitated three analyses to prevent major underflows in the digital computer program. The
range from 40 000 to 2000 K was designated '"high'' temperature, 2000 to 1300 K was
""medium'' temperature, and 1300 to 300 K was ''low'' temperature. In all three analy-
ses, values of the fundamental constants were obtained from reference 7.

High Temperature (2000 to 40 000 K)

The equilibrium components of the plasma were calculated in this range by mini-
mizing the Gibbs free energy G of a closed, neutral system at constant temperature T
and pressure p(ref. 8). (Symbols are given in appendix A.) Hence, equations for Gibbs
free energy, pressure, charge conservation, and proton conservation were required and
are given in this section. The partition functions needed to calculate the Gibbs free
energy are also given.

Assumptions and restrictions. - The assumptions and restrictions utilized in the
high-temperature analysis are as follows

(1) The species H(H* and H*) HY, HZ(HI and H ) H” H2, and H*s' were mcluded
where HY and H% are the ground electromc states of H and H,, respectively, and H' is
all excited electronic states of H collectively.




(2) The plasma was treated as an ideal gas except for coulomb interactions between
free charged particles, which were treated by the Debye-Hiickel approximation.

(3) No shifts of energy levels of excited electronic states relative to ground electronic
states were considered. (These shifts are observed to be small (refs. 9 and 10), and no
one has correlated the observed shifts for H' (ref. 9) with a theory whose assumptions
would be valid for the conditions of the experiment. )

(4) Only singly excited electronic states of H, were considered. (Most doubly excited
electronic states of H2 have negligible number densities. )

(5) The free electrons were nondegenerate (i. e., they had a Boltzmann distribution of
velocities).

(6) The contribution of photons to the pressure was neglected.

(7) Nuclear spin was taken into account in a consistent manner (i.e., it was not
included in calculating degeneracies of atoms and atomic ions and was accounted for in
molecules and molecular ions by using a symmetry number (ref. 11)). An additional
refinement consistent with this method was included for Hg and Hj,.

Gibbs free energy. - To obtain the Debye-Huckel approximation for the Gibbs free
energy of a plasma, it is first necessary to know the reciprocal Debye length, the excess
Helmholtz free energy, and the excess pressure. For a plasma the reciprocal Debye

length is
9 i 1/2
e
K = Z.N. (1)
(o =)

where z; is the net number of elementary charges on the particle (1, 0, or -1) and the
summation is over all free particles. The excess Helmholtz free energy A a5 is the
addition to the ideal-gas Helmholtz free energy resulting from coulomb interactions and,
according to the Debye-Hiickel theory (refs. 11 and 12), is

3
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Consequently, the excess pressure Pex is
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The excess Gibbs free energy is then




(4)

From reference 11 and equation (4) the total Gibbs free energy of a hydrogen plasma is

3
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(5)

where “1 id is the chemical potential for species i in an ideal gas mixture. In such
an ideal m1xture the 1 id of one species is independent of the presence of all other

species (ref. 11); thus, equatlon (5) becomes

Vq.
G = KT Z N, In L1 - kﬁ:"‘ (6)

where
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Equation (6) is the desired expression for the Gibbs free energy of a plasma.
Pressure. - The pressure is found from the ideal-gas law and equation (3) and is

T kT:c
E N, (8)
247

Charge conservation. - For a neutral plasma

Proton conservation. - In a closed system the number of protons 7' must be con-

served, where

n' =N1+N2+2N4+N5+2N6+3N7 (10)



‘Equilibrium. - For thermodynamic equilibrium, the eight variables Ni and V were
simultaneously varied to minimize G (eq. (6)) subject to the constraints given by equa-
tions (8) to (10). The method for this, given in appendix B, gives the same result as
using equations (8) tc (10) in conjunction with a dissociative equilibrium equation for each
of the reactions

Hz-ZH

+ +
H -H+e™
+ +
and a Saha equation with lowering of the ionization potential (ref. 12) for the reaction
H-H" +e”
Internal partition functions. - In carrying out the minimization of G, values for 9
are required in equation (6). These values must all be referred to the energies of two
reference states. First, however, the partition functions q; were calculated using the

ground-state energy of each species as the reference.
For H atoms

17
qj =2 +n§2anpn (11)

where

-heT_/kT
¢, = 2n%e ¢/ (12)

and Fn is a cutoff factor given in appendix C. The summation is carried out through a
principal quantum number n of 17 because Fy is 0 for larger n for all conditions in
this report. For H', q is 1. Fore’, ay is 2. Theq} for H,, H, H;, and Hj are
given in subsequent paragraphs.

For H, there are contributions made by Hj and H,. The contribution of Hj to the
partition function of H, neglecting nuclear spin is obtained from equation (6) of refer-
ence 13 by substituting J for K and is
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Here g, is 1, o is 2, and the J summation includes metastable levels. For H% the
rotational levels are spaced widely enough so the differences in nuclear spin degeneracies
should be taken into account, at least near 300 K. Equation (13) then obviously becomes

qh% =Y &y (14)
v
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Values of Gv were obtained from reference 14. Values of f(v,J) were calculated by the
Wentzel -Kramers-Brillouin approximation using the computer program in reference 13.
The most reliable potential energy was used at each internuclear distance, namely,
(1) from 0.37x10710 to 0. 40x107 10 meter the Kolos and Wolniewicz potential (ref. 15) was
used, (2) from 0. 41><10'10 to 3. 00x10™ 10 meter the Rydberg-Klein-Rees potential of
Spindler (ref. 14) was used, (3)from 3.01x10” 10 to 5.29x10” 10 meter the Kolos and
Wolniewicz potential was used, and (4) from 5. 5510~ 10 to 25><10 meter the
Hirschfelder and Lowdin potential (ref. 16) was used. Potential energies at internuclear
distances not included in (1) to (4) were obtained by interpolation.

The partition function ay for H2 was obtained by adding the contributions of H; to

diyi-
Hy

Uy = g + > Furn (186)

*
where the summation is over all singly excited electronic states H2 with n of 17 or less,
where n is the principal quantum number of the excited electron in the small-
internuclear-distance designation (ref. 17) and where

1/2
8 3/2 2w (6) 2r W (0) W (0
vy = " - Ee (21nukT) / o-heT/kT (e ol ) reWil )+ n(f) R (17)
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and

-u/2
R, = ue ’ u = hew' g = KT (18)
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Equation (17) is a classical partition function with a vibrational quantum correction for a
Morse vibrating rotator. It was obtained from equation (5) in reference 18 by multiplying
by e and shifting the reference energy to that of the rotationless ground vibrational
state of H% The constants T, T, B, D, and w' were obtained as discussed in appen-
dix D. Where available, experimental energy levels for n of 2 to 4 in the small-
internuclear-distance designation were used in obtaining these constants (see appendix E
and table I). Values of g, T, re, B, and D are given in table II.

The ground state of H™ is a 130 state (ref. 19). Electronically excited states were
neglected, so qj had the value 1.
The ground state of Hy is a 2}:& state, whereas the ground state of H,, is a E;
state. Because they both have the same nuclear spin statistics, ag is obtainable (ref. 20)

from equations (14) and (15) by substituting qg for qi_lé and K for J. To avoid con-

1

fusion later, Cv is replaced by &, so equations (14) and (15) become

Qg = 2.9, (19)
v
where

g -hcG. /KT _hef (v, K)/KT _hef (v, K)/kT
szv:_oﬁe T3 Z (2K + 1)e 1Y @KR1)e (20)
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The summations include metastable rotational levels. Excited electronic states of Hg
were neglected. Values for G, were obtained from reference 21, and values for f
were obtained from reference 13.

The partition function ay for Hg was obtained from reference 13, where electron-
ically excited states were neglected.

The atom HI and the free electron e” were selected as the two reference states for
the a;- The shifts in reference energies from the values used for the q{ result in the
following relations:



-het}/kT hcwﬁ/k'ﬁ
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Note that the lowering of the ionization potential due to coulomb interactions was omitted
from equation (21) as this effect is already included in the last term of equation (6).
Values for 131:, 15, Wﬁ, WG’ and W'i’ are given in table III.

Medium Temperature (1300 to 2000 K)

In this range the high-temperature analysis was inapplicable because of major under-
flows in the computer. The degree of ionization was so small that the coulomb interaction
between free charged particles was negligible and consequently could be neglected. The
number densities of H' and Hg were each less than 2x10”° times the number density of
H"', so the first two could be neglected. The equilibrium components of the plasma were
calculated by means of equilibrium constants, using partition functions from the previous
section.

Assumptions and restrictions. - The assumptions and restrictions utilized in the
medium-temperature analysis are as follows:

(1) Only the species H(H' and H'), e”, Hy(H} and Hy), H™, and H} were included.

(2) The plasma was treated as an ideal gas.

(3) No shifts of energy levels of excited electronic states relative to ground elec-
tronic states were considered.

(4) Only singly excited electronic states of H2 were considered,

(5) Nuclear spin was taken into account in the same way as in the high-temperature
analysis,

Solution. - Let p('J be an arbitrary reference pressure and define

Ll 9 s . (22)

©
n
E |

o-q- |'°
[Srre=y

For the reaction 2H — H2 the equilibrium constant Kpl is (ref. 11)
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Combining equations (23) and (24) gives
-2
RTY 2q1, [RT% 2 hewi/kT
B 4 1 4
K1 =] & #2
a4p0 *1Pg

For medium temperatures and pressures between 1. 01325><105 and 1. {)1325><1{)8 newtons
per square meter (1 to 1000 atm) s and sy are much larger than sk, 3'5, and sh.
Hence, H(Hi and H ) and Hz(H2 and Hz) are treated as major species and e, H™, and
H3 as minor species. Thus, dropping the last term in equation (8) gives

'~ 8] + 8 (26)

which is Dalton's law for ideal gases. Combining equations (23) and (26) gives

(4s'Kp1 # 1)1/2 -1

s = (27)

The value of sy may then be calculated from equation (26).

To find sy, Sk, and s, the values of s and Sy from equations (27) and (26) are
used together with appropriate equilibrium constants and the condition for electrical
neutrality. For the reaction (3/2)H2 - Hg +e”

_3/2
sysy T5/2q,‘? T5/2q3 Rrp5/2q:4 / -he[(8W}/2) +1f - wo /T 8)
== e
5, Y2 T e\ e )\ e




The dissociation energy W, is defined in table ITI. For the reaction H + e~ -~ H~

-1 -1
st /24:\ RT% 24\ (RTY %q hel,./kT
5 5 1 3 5
K5 = e (29)
5184 5P, @ 4Py 3Py

For electrical neutrality

n

sp =S + 8} (30)

From equations (28), (29), and (30)

1/2
843/21{137
Sé =t = - (31)
Kp5s'1 +1

and sh and sp are found from equations (28) and (30). The number density of species
i is given by sip(')/kT.

Low Temperature (300 to 1300 K)

In this range the medium-temperature analysis was inapplicable because it caused
major underflows on the computer. All ionization and electronic excitation were negli-
gible, and the number density NI was much less than Ni for pressures from
1. 01325><105 to 1., 01325><108 newtons per square meter (1 to 1000 atm). The equilibrium
components of the gas were calculated from the equilibrium constant Kpl given by
equation (25).

Assumptions and restrictions. - The assumptions and restrictions utilized in the
low-temperature analysis are as follows:

(1) Only the species H¥ and H% were included.

(2) The gas was treated as an ideal gas.

(3) Nuclear spin was taken into account in the same way as in the high-temperature

analysis,
Solution. - The molecule Hg was treated as the only major species, and the atom PII

was treated as the minor species. Hence, Nt N and from equation (23) and the
perfect-gas law

10



X —rr
Nf~ L (2 (32)
KT \K

Computer Program

The high-, medium-, and low-temperature analyses were programmed in FORTRAN
IV in a single program given in appendix B.

RESULTS AND DISCUSSION

In this section the rotational term values for H% are given. Compositions obtained
using these term values are then presented. The effects on the composition of including
or omitting H§ and coulomb interactions between free charged particles are given. The
accuracy of the compositions is discussed, and the compositions are compared with those
obtained by other investigators.

Rotational Term Values for H%

The calculated rotational term values f for Hﬁ are given in table IV (missing values
indicate nonexistent states). These values agree to within 700 meters™ ~ with rotational
term values calculated from wavelengths of lines measured by Herzberg and Howe
(ref. 22). The values of f in table IV predict wave numbers of lines within 170 meters”
of the values measured by Stoicheff (ref. 23), Fink, Wiggins, and Rank (ref. 24), and
Herzberg (ref. 25). Table IV is also in excellent agreement with the calculations from
first principles of Waech and Bernstein (ref. 26).

1

Components of Hydrogen Plasma

The number densities of species in a hydrogen plasma are given in tables V(a) to (d).
The range of temperatures and pressures included in these tables is indicated by the area
without crosshatching in figure 1. Typical cases in table V were checked to make sure
they satisfied four different dissociative equilibrium equations and a Saha equation with
lowering of the ionization potential (ref. 12). Number densities from tables V(a) and (d)
are plotted in figures 2(a) and (b), respectively. By comparing figures 2(a) and (b), it is

11




evident that higher pressure tends to inhibit dissociation and ionization, as expected.

Effect of H’g on Composition, Electrical Conductivity, and Opacity

Of the partition functions of the seven species considered at high temperatures, the
partition function of H'g is least accurately known (ref. 13). Consequently, the effect of
including or neglecting H'?': on the number densities of e” and H™ was investigated. For
small degrees of ionization, including Hg substantially increased the number densities of
e” and H™, as shown in figure 3 for a pressure of 1. l}1325><108 newtons per square meter
(1000 atm). However, number densities of e~ and H™ are less dependent on the inclusion
or neglect of H;. at lower pressures. Including H':; will thus increase the calculated elec-
trical conductivity (through e”) and opacity (through bremsstrahlung and H™ adsorption).

Effect of Coulomb Interactions Between Free Particles

Coulomb interactions between free particles reduce the pressure as shown by equa-
tion (8). The effect can be evaluated by calculating the coulomb compressibility

Z = _p (33)

c 7
KT 3, N,
i=1
which is 1 for an ideal gas and less than 1 if coulomb interactions between free particles
are considered. For the conditions in this report Z ¢ Was never less than 0.92,

A much larger effect of coulomb interactions occurs with the number densities of
certain species. The ratio of calculated number densities of H, e , and H™ with and
without coulomb interactions between free particles is shown in figure 4 for a pressure of
1. 01325><108 newtons per square meter (1000 atm). It is apparent that at this pressure
coulomb interactions between free charged particles must be included in composition
calculation if acceptable accuracy is to be achieved. However, at lower pressure the
effect is smaller.

Accuracy of Composition

Based on the assumptions made and the constants used in the three analyses, the
nonzero number densities in tables V(a) to (d) are accurate to four significant figures

12



with two possible exceptions. At temperatures below about 2500 K the number densities
of H; and H* may be too small because of a feature in the computer program designed to
prevent major underflows. However, at these low temperatures these excited species
are negligible anyhow. In any case, this possible discrepancy is less important than
possible inaccuracies in the assumptions made and the constants used, which are dis-
cussed in the following paragraphs.

For consistency it was necessary to neglect all intermolecular forces involving
neutral species. This caused serious inaccuracies in number densities at the highest
densities, which occurred at low temperatures where only H and H2 were significant., To
evaluate these inaccuracies, number densities of H and H, were calculated from the
relations and second and third virial coefficients of Fisher (ref. 27). In all cases the
rela}ive effect of the virial coefficients was larger on f:ll than on N 4 The inaccuracy
in N; when virial coefficients were neglected is sllown in figure 1. As a result, tem-
peratures and pressures where the inaccuracy in Nl exceeded 20 percent were excluded
from this report (see fig. 1).

The only assumptions made that would be likely to cause inaccuracies exceeding
20 percent in the unshaded area in figure 1 pertained to electronically excited states of
H,, H, H;, Hg, and H™. The number density of H; is possibly only accurate to within
50 percent because (1) metastable rotational states were neglected, (2) shifts in energy
levels were neglected, (3) doubly excited states were neglected, and (4) the Bethe cutoff
is somewhat arbitrary. However, it is doubtful if H2 contributes appreciably to the
absorption coefficient of a hydrogen plasma and H2 is certainly unimportant thermo-
dynamically. The number density of H is possibly only accurate to within 50 percent at
40 000 K because (1) shifts in energy levels were neglected and (2) the Bethe cutoff is
somewhat arbitrary. The number density of H* should be much more accurate at appre-
ciably lower temperatures. At 40 000 K there are probably appreciable inaccuracies in
Hg, H+, and H™ number densities because of the neglect of electronically excited states.
The number densities of these species are negligible at this temperature, so the inac-
curacies are academic. At appreciably lower temperatures the excited electronic states
are unimportant,

There is a limit to the charged-particle density at which the Debye-Hickel theory is
accurate. For a hydrogen plasma, the theory is believed valid provided (refs. 28 and 12)

2
R e T 34)

c o 2 . ~ -
4 :fr(N2 + Ng + Ng + Ng +N7i|2/3

However, as T approaches 1, the accuracy can be expected to decrease (ref. 29). For

the conditions in this report, r, never exceeded 0.6.

13



The largest possible sources of error in this report were the constants and potential for H;,
which were used to calculate the partition function (ref. 13). These quantities were based on
Conroy's calculations from first principles (ref. 30), which are believed to be reliable. However,
there are no experimental vibrational frequencies or dissociation energy for H3.

Comparison of Composition with Other Investigators

Calculated number densities for H2 and e~ obtained in this report and by two other investi-
gators are shown in figure 5. The number density of H, obtained from Krascella and Patch's
results (ref. 1) was low at high temperatures because Kpl was extrapolated from lower temper-
atures. The number density of I-I2 obtained from Rosenbaum and Levitt's results (ref. 2) was low
at high temperature because metastable rotational states were neglected. The number density of
e~ obtained from Krascella and Patch's results (ref. 1) was high because the lowering of the ion-
ization potential was calculated from Ecker and Weizel's analysis (ref. 31), which was incorrect
(ref. 32). The number density Ng of e~ obtained from Rosenbaum and Levitt's results was low
because coulomb interactions between free charged particles were neglected. At the pressure for
figure 5, H; does not affect 1:73 appreciably for the range of N3 shown therein.

CONCLUDING REMARKS

The number densities of the components of a hydrogen plasma including minor species were
calculated. Coulomb interactions between free charged particles were considered for temper-
atures above 2000 K. Below this temperature they are insignificant. The hydrogen triatomic
molecular ion (H%’), which had been neglected in previous calculations, was included and was
found to increase the number densities of e~ and H™ substantially for small degrees of ionization.
The largest possible source of error in this report was the constants for H"S' which have not been
experimentally verified. 1 Because of the inclusion of minor species, the results of this report
will be particularly useful for calculating optical absorption coefficients.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, July 9, 1968,
122-28-02-17-22.

lgince this report was written, Leventhal and Friedman (J. Chem. Phys., vol. 49, no. 4,
Aug. 15, 1968, pp. 1974-1975) have experimentally determined the dissociation energy of Dé’.
Allowing for differences in vibrational zero point energies of I-I; and Dg and also I-I2 and D2, their
results agree within the experimental error with the dissociation energy of Hg used in refer-
ence 13 and in this report.
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APPENDIX A

SYMBOLS

Helmholtz free energy, J

radius of electron orbit, m

first Bohr radius, m

excess of negative charges over positive charges, moles
speed of light, m/sec

Morse well depth, m'1 (see fig. 8)

correction column vector

elements of 2

correction to Dieke's (ref. 33) term values for triplet H;, m'1
charge of electron, C

cutoff factor

rotational term values, m~1 (see fig. 8)

Gibbs free energy, J

vibrational term value, m~1 (see fig. 8)

reduced Gibbs free energy, moles

electronic degeneracy

hump height, m'l (see figs. 8 and 9)

Plancks constant, J sec

clamped-nuclei ideal-gas ionization potential, m‘1 (see fig. 8)

ideal-gas ionization potential (for rotationless ground vibrational
states in the case of molecules), m~1 (see fig. 8)

absolute value of change in ionization potential, m‘1

total angular momentum quantum number

quantum number for total angular momentum apart from electron
spin

equilibrium constants

Boltzmann constant, J/K

15



i (1=2505.7)

y 2

i (1:1,2, — ,7)

Nln
Ny (=1 250s 57)

n, (i=1,2,...,7)

An, (=124 2 3
Alnn, (i=1,2,... ,7)
P

Pgs Py

p; (i=1,2,...,7)

q} (i=1,2,... %)

A
Hy
9 =20 T)

AR

e}

mass of species i, kg

total number density, 1/ m°

number density of species i, 1/m3
number density of H with principal quantum number n, 1/ m3
number of particles of species i
Avogadro's number, 1/mole
principal quantum number

effective quantum number

moles of species i, moles

change in n., moles

change in natural logarithm of n,
pressure, N/m?2

reference pressures, N/m2

partial pressure of species i, N/m2

internal partition function of species i relative to ground elec-
tronic state (rotationless ground vibrational state in case of
molecules and molecular ions)

contribution of ground electronic state to ay

ideal-gas internal partition functions of species i relative to
internal energy of e~ and HY

universal gas constant, J/(mole)(K)

vibrational quantum correction

Rydberg constant, m-!

internuclear distance, m

ratio of equivalent concentration to critical equivalent concen-
tration

equilibrium internuclear distance, m
half the average distance between neighboring molecules, m
nondimensionalized pressure, p/p}

nondimensionalized partial pressure, pi/ 198



e T

U(r)

AV
AlnvV
v

w

Wo(e)’ WI(9)9 WH(B)
w; (i=1,2,5,6,7)

-1

[ I |

N

nondimensionalized pressure, p/ Py
temperature, K

energy difference between bottom of potential well of state of H;
and rotationless ground vibrational state of H%, rn'1 (see fig. 8)

energy difference between rotationless ground vibrational states
of H; and H%, m~1 (see fig. 8)

electronic term value for H' relative to Hi, m'1

potential energy measured from rotationless ground vibrational
state of H%, m'1

dimensionless fundamental vibration frequency

volume of system, m3

change in V, rﬂ3
change in natural logarithm of V
vibrational quantum number

energy difference between top of potential well and rotationless
ground vibrational state, m-1 (see fig. 8 and table III)

integrals called W(0), W(1), and W(2), respectively, in ref. 18

multipliers for An; ineq. (B14), l,e’mole2

matrix for iterative corrections, 1/mole

inverse of matrix for iterative corrections, moles

initial column vector, 1/mole

tirst element in Y, 1/mole

number of elementary charges ion (or atom) possesses after
ionization

coulomb compressibility

net number of elementary charges on species i (1,0, or -1)

mass parameter for species i, (ms)(K3/ 2)/ mole

Morse parameter, m~ 1

contribution of a state of H; to qj (no cutoff)

term value difference between dissociation asymptotes, m'1

(see fig. 9)
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wi‘
Subscripts:
DH

L T O T

[=2]

18

electric permittivity of free space, Cz/ N-m?2

contribution of v states of H% to ay
number of gram atoms of protons, moles
number of protons

reduced temperature

reciprocal Debye length, m'l

characteristic volume for translation for species i, m3
reduced mass of two atoms composing a diatomic molecule, kg
chemical potential of species i, J

density, kg/m3

symmetry number

contribution of H with principal quantum number n to qy before

employing cutoff
contribution of states with vibrational quantum number v to ag
Morse oscillator vibrational constant, m'1

fundamental vibrational frequency, m'1 (see fig. 8)

with coulomb interactions between free charged particles
desired value

excess due to coulomb interactions between free charged particles
ideal gas

previous iteration

hydrogen atom, H

proton, HT

free electron, e~

hydrogen molecule, H2

negative hydrogen ion, H~

+

hydrogen diatomic molecular ion, H2

hydrogen triatomic molecular ion, H“g



Superscripts:
* electronically excited
i electronic ground state

Unless otherwise indicated, partial derivatives are taken with respect to one of the
eight variables ny, n,, ng, ng, ng, ng, Ny, Or V, and the other seven variables and T
are understood to be held constant, The moles used in this report are gram moles.
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APPENDIX B

COMPUTER PROGRAM FOR COMPONENTS OF HYDROGEN PLASMA
INCLUDING MINOR SPECIES

The computer program described in this appendix computes number densities and
other properties of a hydrogen plasma either with or without coulomb interactions between
free charged particles. The assumptions and restrictions have already been given in the

main text.

Analyses

Three analyses were used. The low-temperature analysis for temperatures from
300 to 1300 K has already been given, as has the medium-temperature analysis for tem-
peratures from 1300 to 2000 K. Neither of these analyses required iteration.

The first part of the high-temperature analysis for temperatures from 2000 to
40 000 K has also been given (eqs. (1) to (21)). In this section these equations are put in
a convenient form for iteration, and the iteration procedure is given.

Substituting equation (1) into equation (6), dividing by RT, and converting from num-
bers of particles to moles give

3/2
2 7

7
G _. § ] e Mo E 220, (B1)
11
RT AN n1 81TN V1/2 eokT

i=1

I'II

Substituting equation (1) into equation (8), dividing by p - and converting from numbers
of particles to moles give

7 3/2

7
RT er [ €N, 2
=P -0 n, - z;n; (B2)
P, pOV — 241rp0 eokTV
1=

i=1

The desired value of s is pd/p o’ which is designated S4- Converting equation (10)
from numbers of particles to moles yields
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L
ngg_=n1+n2+2n4+n5+2n6+3n7
o

The desired value of 7 can be any constant and is designated nq- From equation 9)

Ng + g = Ng + Ng + Ny
During the iteration, this equality may not be met exactly, so C is defined as
C=n3+n5-n2-n6 - Dy

The desired value of C is, of course, 0.

To find a minimum in g (eq. (B1)) subject to three constraints (eqs. (B2), (B3),

and (B5)), all four equations are expanded in Taylor series.

7 7
2 2
g=gqgt g Any + %) avl g (An.l)2 +1(%e (AV')2
on. av 2 2 2 2
- i/, 0 - ani Vv 0
i=1 i=1 0
7
An AV + An, An,
an, aV an an 1
i=1 i=1 j=i+l

In taking partial derivatives of g, a4 and q 4 were assumed to be constants.

(B3)

(B4)

(B5)

(B6)

(BT)

(B8)

21




7
0=Cy+ Z(%) An, (B9)
- /o

i=1

To simplify the nomenclature, the subscripts 0 are dropped. To avoid the 11Xx11 matrix
entailed by the use of three Lagrange multipliers to find 2 minimum in g subject to the
constraints, equations (B7) to (B9) are solved for Ang, Angy, and AV.

An3=—C-An5+An2+An6+An7 (B10)
1 1 1 1 3
An, ==(n,-n)~-=An, - —An, - — An. - An, - = An (B11)
4 9 d 2 1 2 2 2 5 6 2 7
AV=~1— sd-s-jf_Anl-a—sAnz-_aS_(An2+An6+An7-C-An5)
gs_ anl an2 an3

ov

as [1 1 1 1 3
-E[Z(nd-n)-.z.ml_gmz - 5 4% - 4 -Ee.n,?]

s as s
28 jing - 28 Bn o 08 Apg (B12)

an5 an6 an.?

Equations (B10) to (B12) are then substituted into equation (B6). The conditions for a
minimum in g are then

% -0 (i=1,256,7) (B13)
aAni

For an i of 1, equation (B13) takes the form
W1 Any + Wy Ang + Wg Ang + Wg Alg + Wy Alg —y1=0 (B14)

where Wy, Wy, Wg, Wg, Wp, and y; are complicated functions independent of An;, Any,
Ang, Ang, and Any. Equation (B14) is approximately
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win; Alnny + Wohy Alnng + Wghy A lnn5 + Weng Aln ng +W7n7AIn ng -yy=0 (B15)

Similar equations follow for i =2, 5, 6, and 7. These five equations can be written in
matrix notation as

XP-Y =0 (B18)

where X isa 5x5 matrix, Y is a five-element column vector, and

*QOI A In nﬂ
202 A In ny
03| =2= [alnng| =X7'Y (B17)
904 A In ng
| 705) i

To find a minimum in g, initial estimates are provided for the seven n, and V,
and 92 is found from equation (B17). From equation (B10)

C-n-Alnn-+n,Alnn, +n. Alnn, +n, Alnn
 in n3=_+__5_,_ ST 2T 2T e 6 T T (B18)
03

From equation (B11)

7

T oy ANy Iy Aty ig Alnng g Alnng I Alnny

AInng;=<cch g e el Ruisgrong
4
2n4

From equation (B12) and the relations 9s/on; = 3s/an, and 2s/dng = s/ ong = 3s/dng
= 9s/ ong = as/ ang

AlnvV=_1 sd&s-_l.a_snlalnnl+(_1._a.s__ _a_s._)nzAlnn2+~1_§_§hn5Alnn5

Vgg_ 2 anl 2 an1 an2 2 anl
v
+(25 _ 908 nGAlnn6+ §3_S-23_5 n7A1nn7+C-ai-l—aS—(nd-n) (B20)
an1 an2 2 8n1 EJn2 8n2 2 anl

23
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The logarithms of the seven n; and V are corrected by means of equations (B17) to
(B20), and the next iteration may be begun.

Program Procedure

The program is in FORTRAN IV, IBM Version 13, for an IBM 709411/7044 Direct-
Coupled System with 32 000-word storage. The names of the FORTRAN variables and
their corresponding symbols, equations, or comments are as follows

FORTRAN Mathematical Comments or equation
symbol symbol
A(5,11) 2(__1 _)5'1 is contained in the square subarray A(l,6) to
A(5, 10)
AKAP K reciprocal Debye length
AKP1 Kp1 equilibrium constant
AKP2 5'6/ sysy for ideal gas
AKP4 s'zsb/ sy for ideal gas
AKP5 Kp5 equilibrium constant
AKPTH 12
ALGM(7) In n,
ALPHA(T) oy mass parameter for species i
ALV InV
ARB1 arbitrary multiplier for r & (always 1)
ARB2 arbitrary multiplier for AI (always 1)
BETA(6, 23) B Morse parameter (see table II for subscripts)
C C excess of negative charges over positive charges
CN(7) ﬁi number density for species i
1 .

CNT 51 N;
CN1(17) N, number density of H with principal quantum num-

ber n

24



FORTRAN
symbol

CN1S

CN4G
CN4H(6, 23)

CN4S
CN4V(15)

CN6V(20)

CUT1

cuT2

D(5)
DH

DELI
DELIN
DELLGM(7)
DELLV
ED(6,23)
EEXP
EF(6,23)
EH(17)
EH2(6,23)
ERETA
ERS

ETA

Mathematical
symbol

-~

(AN

Al

Comments or equation

number density of Hg

number density of a state of H; (see table II for
subscripts)

E 3
number density of Hy (all states)

number density of I-I% with vibrational quantum num-
ber v

number density of Hg with vibrational quantum num-
ber v

(ro/ao)l/ 2 (approximate principal quantum number
at Bethe cutoff)

( /AI)J‘/ 2 (approximate principal quantum number
at Debye-Hiickel cutoff)

correction column vector

0 for ideal gases; 1 for Debye-Hiickel plasma
(normally 1)

absolute value of lowering of ionization potential
new value of Al

A In n;

AlnvV

heD/k (see table II for subscripts)

e-u/Z

hew'/k (see table II for subscripts)

the/k for H with principal quantum number n
heT/k (see table II for subscripts)

Mg =7

Sq-8

actual gram-atoms of protons

25



FORTRAN
symbol

ETAD
FH2(15, 39)
FH2P(20, 42)
FN(7)
FNN(7,7)
FNV(7)

FV

FVV
GAM(6,23)

GAMC(6, 23)
GAMCIM
GH2(15)
GH2P(20)
GMO(7)
IFLAG

IMAX(23)

IPR
11

19

26

Mathematical
symbol

a
£

Yh

Comments or equation

desired gram-atoms of protons (always 3)
rotational term values for H,

rotational term values for H;:

9g/ ony

2%g/ on; on;

8%g/aVen,

ag/av

a%g/av?

*
contribution of a state of Hy to qa} (no cutoff) (see
table II for subscripts)

Fo i (see table II for subscripts)

Fn'yh with Fn calculated for Bethe cutoff
i

vibrational term value for H2
vibrational term value for HE
number of moles of species i

0 for same DH, Py and IPR for next case; 1 for
read new DH - Py IPR card for next case

*
maximum value of first subscript of H2 for value of
second subscript given in parentheses (see table II
for subscripts)

0 for long output; 1 for short output

number of iterations for cutoff to converge in high-
temperature iteration (999 if no convergence or if
medium- or low-temperature composition calcu-
lated)

number of iterations for n, and V to converge in
high-temperature iteration (999 if no convergence;
998 if medium- or low~temperature composition

calculated)

index for high-temperature iterations



FORTRAN
symbol

LIM
OMEGA(20)

PD
PHI(17)

PHIC(17)
PHICN
PR
PROD(7)

PRODD

PRODDD

PO

POP

Q(7)

QUOT
Q4P

Q6P

QP

Mathematical
symbol

Comments or equation

limit on I9 (always 15)

contribution of states with vibrational quantum num-
ber v to qé

desired pressure

contribution of states with principal quantum number
n to qq (no cutoff)

first member is 2, others are Fo®n

B with F, calculated for Bethe cutoff
p’OV/ RT

NOA:'L

2 1/2
e"N 7
3 0 (2 z.zn.)
327N \e KTV =1 +%

reference pressure for high-temperature iteration
(always 109 N/mz)
reference pressure for equilibrium constants

(always 1.01325x10° N/m?)

partition function for species i referred to internal
energy of Hi atoms and free electrons

T3/2

partition function of H2 referred to rotationless
ground vibrational state of H%

partition function of HE referred to rotationless
ground vibrational state

partition function of I-I; referred to rotationless
ground vibrational state
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FORTRAN Mathematical Comments or equation
symbol symbol

Q7PT(67) table of q.'], having one-to-one correspondence with
TT table
R T ratio of equivalent concentration to critical equi-

valent concentration

RAT Rh vibrational quantum correction
RATI1 absolute value of relative change in r i in one
iteration
RAT?Z2 absolute value of relative change in AI in one
iteration
RE(6,23) B equilibrium internuclear distance (see table II for
subscripts)
REL(8) absolute value of relative change in n, and V in
one iteration
2. \3/2 -1/2
3 (¢ N S 2
RES vV 2. Zjn;
3211N0 GOkT i=1
RHO P density
RO r, half the average distance between neighboring
molecules
RON new value for rg
10° %2y 7, 1/2
ROOT ety z;n;
€ KTV i=1
0
ROOT1 negative of average of two adjacent ROOTA in
Rydberg series
ROOT2 negative of average of two adjacent ROOTA in
Rydberg series
ROOTA(18) al/2 for u
*
ROOTA(7,23) arll/ 2 for H2 (see table II for subscripts)
ROOTR (r ,ARB1)1/2
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FORTRAN
symbol

Mathematical
symbol

SIGMA1

SIGMA2

SIGMA3

SIGMA4

SM

SN(2)

SN1SV

SN2SV

SP(17)

SPD

SP3

STAR1

STAR2

STARI(7, 23) I
STARI(18) I
SUM 14

SUMM

SUM1

Comments or equation

p/p,
Pd/Po

E (23 + 1)exp (- h_Cf) for Hé
odd J kT

E 27 + l)exp(— E) for H%
even J kT

E (2K + 1)exp (— -I}Ei) for H;:
odd K _—

+
Z (2K + 1)exp (— bc_f) for Hz
even K kT

7

i>::1 “in,
as/ani where i is lor 2
(8s/en4)/(3s/ V)
(as/anz)/(as/av)

p;/Pg
P4/ Py
(KyqPy/P)

average of two adjacent I in Rydberg series

1/2

average of two adjacent I in Rydberg series
*

for H, (see table II for subscripts)

for H with principal quantum number n

contribution of Hj to al
7

Z ni

&1

17
nz-_-:z anon
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FORTRAN
symbol

SUM4
SUM9

SV
s

THETA
THETAT(29)

TOL1

TOL2

TS1
TS2
TT(67)

WEIGHT(6, 23)

WO
WOT(29)

w1

30

Mathematical
symbol

Comments or equation

2 Fony

N2 +N3+N5+N6+N7
ds/ v

temperature

reduced temperature

table of 8 having one-to-one correspondence with
WOT, WIT, and W2T tables

maximum allowable absolute value of relative change

in r, and Al in last iteration before freezing

cutoffs (always 0.001)

maximum allowable absolute value of relative change
in n; and V for last iteration (always 0.00001)

dividing point of low and medium temperatures
dividing point of medium and high temperatures

table of T having one-to-one correspondence with
QTPT table

dimensionless fundamental vibration frequency
volume of system

1
sd—S+C—a-§-—-- E(ﬂd-ﬂ)

anz 2 anl

o
ov

electronic statistical weight (see table I for sub-
scripts)

integral called W(0) in ref. 18

table of WO having one-to-one correspondence
with 6 table

integral called W(1) in ref. 18



FORTRAN Mathematical Comments or equation
symbol symbol

Ww1T(29) table of W; having one-to-one correspondence with
6 table

w2 WII integral called W(2) in ref. 18

W2T(29) table of WII having one-to-one correspondence with
6 table

X(5, 5) X matrix for iterative corrections

Y(5) Y initial column vector

Z(7) z.2

i
ZC Z c coulomb compressibility
ZETA(15) - contribution of v states of H% to aqy

(Units are given in appendix A.)

A simplified flow diagram of the program is shown in figure 6. The input quantity
DH determines whether or not coulomb interactions between free charged particles are
included. Other features of the flow diagram are discussed in the following paragraphs.

Two sets of criteria were used for convergence because a and qq were assumed
to be constants when taking partial derivatives of g. Actually, aq and Ay depend on the
ny because of the cutoffs, but this dependence must be neglected when taking partial deri-
vatives if the solutions are to obey Saha's equations (ref. 34) as is customary. This
results in an inconsistency. Problems due to the inconsistency were averted by using
two sets of criteria for convergence, as shown in figure 6. The first set was that relative
changes in one iteration in both Ly and AI must be less than TOL1 (set at 0.001).

After these criteria were met, r and AI and, hence, the cutoffs were not changed

again. The second set of criterig was that relative changes in the seven n, and V be
less than TOL2 (set at 0.00001).

There are two options for output. If the input quantity IPR is 0, the long output (1
page per case) is used. If IPR is not 0 and the iteration (in the case of high temperature)
converges, the short output (1 line per case) is used.

A block diagram of the program and the eight subprograms is given in figure 7.

Sample Problems

An input form with data for seven sample cases is given in table VI. Note that
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IFLAG is 1 on the second card because it is desired to change IPR by means of the next
card. The output is shown in table VII. Case 1 had long output, whereas cases 2 to 7 had
short output. The order of the quantities in short output is T and number densities for
u}, Hy, B}, H', ¢”, H", HI, H}, H', H,, and H.

Running Characteristics
A control card is required so that minor underflows are not printed out. With short
output 168 cases required 1.56 minutes to execute. With long output 45 cases required

0.71 minute to execute. For all high-temperature problems, Il was between 2 and 4,
whereas 12 was between 3 and 8.
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Listing of Program

$IBFTC MAIN DEBUG
C PROGRAM FOR COMPONENTS OF A HYDROGEM PLASMA INCLUDIMG MINOR SPECIES

C

2

DIMENSION IMAX(23),GAN(64523)CGAMC(64923) 4PHI(17)4PHIC(LT7),0Q(7),
1PROD(7) +ALPHA(T) yER{LT) yEF(6+23)4ED(6423) sEH2(6923)4WEIGHT(6423),
PRE(6+23),BETA(6423)4JPLMA(15)4KPLIM(20),CLNM(T7),GH2(15),GH2P(20),
B3FH2(15339) yFH2P (20,42 ) 407PT(6T) s TT(6T) 3 THETAT(29)4HOT(29)W1T(29),
GW2T(29) 9 ZETA(L15) 4 Z(T7)4CNL(17)4CNaH(6423),CN4V(15),CN6V(20),
SOMEGAL20) 4REL(8)4SP(7)

COMMON/BLOCKL/DH,T,P0,PROD,ETAD,SD/BLOCK2/PHI4PHIC,SUM1/BLOCK3/SUM
13GAMyGAMC 3 SUM4/BLOCK4/ IMAX/BLOCKS/ARB1,ARB2Z2/BLOCKGE/Z
2/BLOCKT/ALPHAYEHyEF yED9EHZ2 ¢y WEIGHT4REyBETA3JPIMaKPLIM4GH2 4 GH2P 4 FH2/
3BLOCKB/FH2P s QTPT s TTo THETAT,WOTyW1T,W2T

DOUBLE PRECISIUN V3GHMO(T) ¢X(545)4Y(5)sS4ETA3C+SMaRO0T,SUMM3A(5,11)
19SMI2)sSVsD(5) ¢ DELLGM(T7)Y s DFLLY yALGM{T) ALY

READ(5,200) DH,PD,sIPR

WRITE(64201)DH4PD,IPR

C ASSIGN VALUES TO CONSTANTS.

1

TS1=1300,
T5§2=2000.
PO=1.E+6
POP=1,01325E+5
TOL1=,001
TUL2=.00001
ARBl=1.
ARB2=1.

LIM=1b

ETAD=3.

K=0
READ(54202) T,IFLAG

C END OF INPUT. FIND CONTRIBUTION OF GROUMD ELECTRONIC STATE OF H2 TO H2
C PARTITICN FUNCTION.

C

3

SUM=0,

DO 3 KVPL=1,15%

SIGMAL=0,

MAX=JP1IM(KVPL)

DO 4 JP1=2,MAX,2
SIGMAL=STGMAL+FLUAT(2%JPL—1)%EXPC(—o0143RT79%FH2(KVPL,JP1)/T)
SIGMAZ2=0.

DO 5 JJIPL=1,4MAX,2
SIGMA2=SIGMAZ+FLOAT(2%JJP1=1)%EXPC(—.0L43879%FHZ2 (KVPL1,JJPL)/T)
ZETA(KVPL)=,25%EXPC{—o0143879%GH2(KVPL)/T)=(3.%STGMAL+SIGMA2)
DEBUG SIGMAL,SIGMA2,ZETA{KVPL)

SUM=SUM+ZETA(KVP1)

IMITIALIZE VARIABLES.

RO=1.E-8%(3,2958%T/PD)*%.33333
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DEBUG RO, SUM

RON=RO

DELI=0.

DO 46 NI=1,7

46 DELLGM(NI)=0.

DELLVY=0.

ERS=0.

c=0.

ERETA=0.

Q6P=0.

11=999

12=998

C TEST IF T IS LOW.
IF(T=TS1)747,8
C FIND LOW T COMPOSITION FROM HERE UP TO STATEMENT 8.
T Q(1)=2.

CN1(1)=SORT(PD*SORT(T)/{1.0775E=3%SUM) }*Q(1)%(1.F+23%EXP(-25980.,0
1/T))/1.3805

CN1S=0.

CN{2)=0.

CN(3)=0.

CN{4)}=PD/(14,3805E~-23%T)

CN4S=0.

CN(5)=0.

CN(6)=0.

CN(T7)=0.

CN4G=CN(4&)

CN(1)=CNL1I(1)

Q4P=SUM

N7P=0.

GO TO 100

C FOR MEDIUM AND HIGH T FIND CONTRIBUTIONS OF HZ2#% TO H2 PARTITION
C FUNCTION ASSUMING NO CUTOFF.
8 DO 6 M=1,23

TMA=TMAX (M)

DO 6 11=2,IMA

U=EF(IT4M)/T

EEXP=EXP(=U/2.)

RAT=UREEXP/(1le—EEXP%2)

THETA=T/ED(II M)

WO=BINT(THETATWOT43THETA,29)

WI=BINT(THETAT,W1T,THETA,29)

WZ=BINT(THETATW2T,THETA,29)

GAM({TI ¢M) =4 qTO60FWEIGHT(TTyM)XEXPC{—EHZ2(TT4M)/T)*Tohkkl,5%(]1,F+26%
IRE(TT oM)»%2%WO/BETA(TII yM)+2 E+26%RE(TITyMISWLI/BETAITI ¢M) k%241 oF+26
ZHEW2/BETA(TT yM) %3 ) =RAT

DEBUG UsRAT§THETA MO s WLl o W24 GAM(TITyM)yI14M

6 CONTINUE
C FIND CONTRIBUTIONS OF ELECTRONIC STATES OF H TUO H PARTITION FUNCTION
C ASSUMING NO CUTOFF.
DO 9 N=1,17
9 PFI(N)=FLOAT(2%#N=%2)*EXPC(—-EH({N)/T)

NEBUG (PHI(I),1=1,417)

C FIND PARTITIUN FUNCTIONS OF H AND HZ2 WITH CUTOFF.

NIL)=QIPF(ROLDELT}

DERBUG (F”"IC(I),I=1|17)
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Q4P=04PF(ROLDELT)

C FIND PARTITION FUNCTION OF H3+.
QTP=BINT{TT4Q7PT+T,67)

C FIND EQUILIBRIUM CONSTANTS USED FOR MEDIUM AND HIGH T.
AKP1=1,0775E=3%Q4P*POP*EXP{51959.9/T)/({Q(1)**2%T*%2,5)
AKP5=15,010%POPHEXP(894T4/TH/(O(1)XT%%2,.5)
AKPTH=SORT(1.4211E=3%Q7P)*Tx% ,625%EXP(—6556T«/T)/ (Q4P*%,T5%POP**

1.25)
SPD=PD/POP
DEBUG C(1)4Q4P4QT7PyAKPLsAKPS5 43 AKPTHSPDy((GAMC(TI4L),1=246),L=1,23)
C TEST IF T IS MEDIUM OR HIGH.
[F(T-T52)10,410,13
C FIMD MEDIUM T COMPOSITION FROM HERE THROUGH STATEMENT 11.
10 SP(1)=(SORT(4«*SPD*AKPL+1.)-1.)/(2.%AKP1l)}
SP(4)=SPD=-SP(1)
SP(3)=AKPTH®*SORT(SP(4)**]1.5/(AKP5*5P(1)+1,))
SP(T)=AKPTH#®SP (4 ) 4% ,T5%SORT(AKP5%#SP(1)+1.)
SP(5)=SP(T)-5P(3)
SP(2)=0.
SP(6)=0.
NO 11 NA=Ll,7
11 CNINA)=SP(NA)*POP/(1.3B0O5E-23%T)
C FIND QUANTITIES MEEDED FOR MEDIUM AND HIGH T.
12 CN1S=SUML*=CN{L1l}/0Q(1)
CW1{1)})=CN{1)-CN15S
CN4S=SUM4RCN(4) /Q4P
CN&4G=CN(4&)-CN4S
100 DELIN=,11614E=2*SQRT(.,20998E-3%(CN(2)+CN(3)+CN(5)+CN(6)+CN(T}I)/T)
GO TO 40
C FIND KIGH T COMPOSITIUN FROM HERE UP TO STATEMENT 40.
13 SD=PD/PO
[2=999

C FIND H2+ PARTITION FUMCTIONS
DO 14 KKVP1=1,20
SIGMA3=0.

MAX=KP1M(KKVPL1)
DO 15 KPl=24MAX42

15 SIGMA3=SIGMA3+FLOAT(2%KP1-1)%EXPC(—-.0143B79%FH2P (KKVPL1,KP1)/T)
SIGMA4=0.
DO 16 KKP1=1,MAX,2

16 SIGMA4=SIGMA4+FLOAT(2%KKP1-1)*EXPC(~.0143879%FH2P (KKVP14+KKPL1)/T)
OMEGA(KKVPL)=EXPC(—.0143879%GH2P{KKVPL)/T)*(1.5%STGMA3+.5%51GMA4)
DEBUG SIGMA3,S5IGMA4,0MEGA(KKYPL)

14 Q6P=06P+DMEGA(KKVPL)

C FIND PARTITION FUNCTIONS REFERRED TO H AND E-.
O(2)=EXP{-157805./T)
0(3)=2.

Ol4)=04P*EXP(51959.9/T7)
QUSI=EXP(B947.4/T)
Q(6)=Q6P*EXP(—-127044./T)
D(T7)=Q7P*EXP(—-53195./T)

C FIND EQUILIBRIUM CONSTANTS USED FOR INITIAL ESTIMATES FOR HIGH T.
AKP2=,0010779%Q6P*POPH*EXP{30760.5/T)/(Q(1)*T*%2,5)
AKP4=,066618%Tx%2 HEXP(=157805./T)/(Q(1L)*POP)

DEBUG SDyQ6PyAKP2 3 AKP4 3y (D{T) 3 I=1,47)

C MAKE INITIAL ESTIMATES FOR HIGH T.



SP(1)=(DSORT(1+D0+4+D0O%AKP1*(2,D03%(AKP4=DSORT(AKP4)}*:DSQRT(AKP4+
1SPD) )+SPD))-1.D0)/(2.DO*AKPL)
SP{4)=AKP1*SP(1)*32
SP(3)=AKPTHXSQRT(SP(4)}*%x1.5/(AKP5%SP(1)+1.))
SP3=SQRT{AKP4*5P(1))
DEBUG SP(1),SP(3),4SP{4),SP3
IF(SP(3)=-SP3)18,18,417
17 SP(T)=AKPTH=RSP(4)*% T5*SORT(AKPSXSP(1)+1.,)
SP(5)=SP(7)-SP(3)
SP{2)=SP(1)*AKP4/SP(3)
GO 7O 119
18 SP(3)=SP3
SP(2)=5P3
SP(T)=AKPTH#**2%SP (4 )**1.5/S5P(3)
SP(5)=AKP5%5P(1)*SP(3)
119 SP(6)=SP(1)*SP(2)%AKP2
V=843143%T*ETAD/ (POP*(SP(L)+SP(2)+2.%5P(4)))
PR=POP#V/(8.3143%T)
DO 19 NB=1s7
GMO(NB)=PR*SP (NB}
19 ALGM(NB)=DLOG(GMO(NB))
ALV=DLOG(V)
SM=0.
QUOT=T#*x]1 45
DO 20 JJ=1,7
PROD(JJ)I=ALPHA(JIJ)/QUOT
20 SM=SM+Z(JJ)*GMD(JJ)
ROOT=DSORT(1.2646D4%SM/(T*V))
DEBUG V4PRyALVsSMaROOT ¢ (GMO(T)sALGM(T)4I=1,47)
C ENTER HIGH T ITERATION EXTENDING THROUGH STATEMENT 122.
DO 122 19=1,L1IM
SUMM=0.,
DD 21 NC=1,7
21 SUMM=SUMM+GMOD(NC)
S= 8.3143%TxSUMM/ (PO*V)=-.18310%T*RO0T**3::DH/PO
ETA=GMO(L1)+GMO(2)+2.*GMD(4)+GMO(5)+2 . *GMO(6)+3.%GMD(7)
C=GMO(3)+GMO(5)=-GMO(2)-GMO(6)=GMO(T7)
DEBUG SUMM4S,ETA,C
C FIND MATRIX AND INITIAL VECTOR FOR ITERATIVE CURRECTIONS.
CALL MATR(V,sGMUyS+ETASC,QyRUDTSSUMMySMyXyYsSNySV)
C IMVERT MATRIXa
CALL INVERTI(X,A)
DEBUG ((A{I4L)4L=6410)41=145)
C FIND CORRECTION VECTOR FUR ITERATIVE CORRECTIONS,
199 DO 23 ND=1,5
D(ND)=0.
DOl 23 NE=1,45
23 DIND)=D(ND)+A(ND,NE+5)=Y(NE)
DELLGM(1)=D(1)
DELLGM(2)=D(2)
DELLGM(5)=D(3)
DELLCGM(6)=D(4)
DELLGM(7)=D{(5)
DELLGM{3)}=(-C-GMO(5)*=DELLGM(5)+GMO(2)*DELLGM(2)+GMD(6)*DELLGM(6 )+
1GMO(7)*DELLGM(T))/GM0(3)
DELLGM(4)=({ETAD-ETA-GMO(1)*DELLGM(1)-GMO(2)*DELLGM(2)~-GMU(5)=*
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1DELLGM(5)—2.%GMO(6)*DELLGM(6)=3.*GMO(7):*=DELLGM(T))/(2.%GMO(4))
DELLY=(SD=5—,5D0%SN(1)*GMO(L1)*DELLGM(1)+(.5D0%SN{1)—-2.%SN(2]})*
1GMO(2) #¥DELLGM(2)+.5D00%SN(1)*=GHMO(5)*DFLLGM(5)-+(SN(1)-2.%SN(2]} )%
2GMO(6)*DELLGM(6)+(15D0%SN(1)—=2.%SMN(2))*GMO(7)*DELLGM(7)+C*SN(2)~
35D0*SN{L ) ETAD-ETA) )/ (V*SV)
DEBUG DELLV (DELLGH(I),I1=1,7)
DO 24 NF=1,7
C MAKE ITERATIVE CORRECTIONS.
ALGM(NF)=ALGM{NF)+DFELLGM{NF)
24 GMO(NF)=DEXP(ALGM(NF))
ALV=ALV+DELLV
V=DEXP(ALV)
SM=0.
DO 25 JJJd=1.T7
25 SM=SM+Z (JJJ)*GHMO(JJII)
RODT=DSORT(1.26460D4%5M/ (T*V})
DEBUG SMyROUTsALV VY, (GMO(T) sALGM(I)a1=1,7)
C VEST IF RO AND DELI HAVE PREVIDUSLY CONVERGED.
IF(11-999)27+,26427
C FIND NEW VALUES FUOR RO AND DELT.
26 RON=1.E-8%{.39640%V/(GMO(L)+GMD(2)+GMO(4)+GMO(5)+GMD(6)+GMO(T) ) )=
1%.33333
DELIN=1.1614E+5%R00T
RATL=ABS((RON=RO)/RON)
RATZ2=ABS({DELIN=DELI)/DELIN)
C TEST IF RO AN) DELI HAVE CONVERGED.
TF(RAT1.LT.TOL1JANDRAT2,LT.TOLL1)IL=19
. MAKE CORRECTIONS BASED UM NEW VALUES OF RO AND DELI.
RO=RON
DELI=DELIN
QUL)=01PF(RO,DELT)
DEBUG T1,RAT1,RAT2,RO,DELI,Q(1)4{PHIC(T),I=1,17)
Q4P=04PF(RO,DELT)
0(4)=04P*EXP(51959.9/T) .
DEBUG Q4P,0(4) s ((GAMC{I4L)9I=246),1=1,23)
GO TO 122
C RO AND DELI HAVING CONVERGED, FIND RELATIVE CHAMNMGES IN MOLES AND
C VOLUME.
27 DO 30 NG=1,7
30 RELING)=DABS(DEXP(DELLGM(NG))~-1.)
REL(8)=DABS{DEXP(DELLV)—-1.)
NEBUG (REL(I),I=1,8)
C TEST IF MOLES AND VOLUME HAVE CONVERGED.
IF(REL(1)«LToTOLZ.ANDLREL(2) 4L ToTOL2.ANDLREL(3).LT.TOL2.,AND
1eREL(4) «LTaTOL2eANDWREL(5) 4L ToTOL2.ANDLREL{E).LT.TOL2.AND,
ZRELI7T) LT TNLZ2.ANDLREL(8).LTL.TNL2)GD TO 39
122 CONTINUE
GO TO 97
39 I12=19
97 ERS=SD-S
ERETA=ETAD-ETA
C FIND HIGH T NUMBER DENSITIES FROM MOLES AND VOLUME.,
DO 42 NH=1,7
42 CN(NH)=6.0225E+23%(GMO(NH)/V)
RON=1,E=8%(,39640%V/(GHMO(1)+GMO(2)+GMO(4)}+GMO(5)+GMO(6)+GMO(T) ) )=
1*,33333
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GO TO 12

C TEST IF SHORT OUTPUT TO BE USED.

40

IF(IPRJNELC4AMDLI2.NE.999)G0 TO 43

C TEST QUANTITIES PECULTIAR TO LONG OQUTPUT,.

C

38

89
90
91

93

101

102
94

103
104

95
105

106
96

151

150

WR I

152

CUT1I=SORT(RO/5.2917E-11)
IF(DELI)B9,89,90

CUT2=1.E+37

GO TD 91

CUT2=SQRT(10969308,./DELI)}
SUMO=CN(2)+CN{3)+CNI(5)+CN(&6)+CN(T)
CNT=SUM9+CN(1)+CN{4&4)

DO 93 KVVP1l=1,15
CN4VIKVVPL)=CN4G*ZETA(KVVP]1)/SUM
DD 94 KKVVP1=1,20
IF(T-T52)102,102,101
CNO6VIKKVVPL)=CN(6)*OMEGA(KKVVP1)/Q6P
GO TO 94

CN6VIKKVVP1)=0,

CONTINUE

DO 95 MMM=1,23

TW=IMAX (MMM)

DO 95 111=2,1IW

IF(T-TS1)1044104,103
CN4H{TITyMMM)=CN(4)*GAMC(TIII,MMM)/0Q4P
GO TO 95

CN4H(IIT4MMM)}=0.

CONTINUE

DO 96 MK=2,17

TF(T-TS1)106,1064105
CNLINK)=PHIC({NK}*CN(1)/0Q(1)}

GO TO 96

CN1{NK)=0.

CONTINUE
RHO=1.,6734E-27%*CN{1)+1.6725E-27*CN(2)+9,1091E-31*%CN(3)+3,3469E-27
1#CN{4)+]1 JH6T43E=2T%CN(5)+3.3460F=2T7%CN{6)+5.0194E~-27%CN(7)
IC=PD/(T%1.,3805E-23:=CNT)
AKAP=SNRT(.20998E~-3%SUM9/T)
IF(T-TS1)151,4151,150

R=0.

GO TO 152
R=AKAPx32/ (4 a®(3.1416%5UMI ) %%, 6666T)
TE LONG OUTPUT.
WRITE(69204)PDsTyRHOSCNT
WRITE(64205)7C AKAP,,R
WRITE(64206)(CN(I)sI1=1,7)
WRITE(64207)(CN&4V(I)4I=1,15)
WRITE(64208) CN4Gy(CNaGHITI,41),1=2,4)
WRITE(6420G) ({CN4H(T42)s1=244)
WRITE(H64210)(CNGHI(T43)91I=244)
WRITE(64211) (CN4H(TI 44)431=2,3)
WRITE(A9212) (CN4H(TI45)41=2,3)
HWRITE(A4213)(CNGH(T146)41=2,43)
WRITE(H6+214)(CNGH(2431)431=7410)
WRITE(64215) (CMNaH(T411)41=244)
WRITE(64216)(CNGH(T1412),1=2,43)
WRITE(6421T)ICNA4H({I413)41=2,44)



WRITE(69218)(CN4H(T414)41=2,3)
WRITE(A4219) (CM4H(T415) 41=2,3)
WRITE(64220)(CN4H{I1416),1=2,3)
WRITE(S54221)(CN&H(2,1)41=17,20)
WRITE(G64222) ((CN4HIT4L) 3122,6),0L=21,22)
WRITE(64223) (CN4H(1,423) 41=2,4)
WRITE(64+224) CN4S
WRITE(64225)(CNLI{I)yI=1417)
WRITE(A5,4226) CN1S
WRITE(64227) (CN6V(TI),1=1,20)
WRITE(6,228) DELI,DELIN,RO,RON
WRITE(64229) CUT1,CUT2,0(1),04P
WRITE(64230) 0Q6P,Q7P,ERETA,C
WRITE(64231) ERS,DELLVy(DELLGM(I),I=1,7)
WRITE(64232) ETAD, 11,12
IF{IFLAG) 2,142
C CONTROL LINE SPACING OM SHORT OQUTPUT.
43 K=K+1
IF{K=6)45,44,45
G4 K=1
WRITE(6,262)
45 IT=IFIX(T)
C WRITE SHORT QUTPUT.
leTEié,ZBBIIT,CN4(§,(‘.N¢+S,CNL(1}pCNlS,C!\-H3),CN(SJ,CN(?).CN(&I.CN(Z}
14CN{4)4CNEL)
C TEST IF NEW DH, PDs IPR CARD TOD HE READ.
41 TF(OIFLAG)LOT741,4107
107 WRITE(64261)
GO TO 2
200 FORMAT(F10.04E15.5,15)
201 FORMAT{1HO,3HDH 2 1PE1la4,4X,3HPD yELl 444X, 4HIPR 4 I2/1H1)
202 FORMAT(F10.0,415)

204 FLRMAT({1HOy9HPRESSURE s 1PELY 4y 1 7TH N/Mak2 TEMP. 3E11la4414H K
1 DENSITY 4E1l.4433H KG/ v TOTAL MUMBER DENSITY 4E11.4,7H 1/#M%
s3)

205 FORMAT(1H »24HCOULDAB COMPRESSIBRILITY ,FR.5,28H RECIPROCAL DEBRY
LE LENGTH L,1PEll.6,43H4 1/M EOUIV. COMCL/CRITICAL EFQUIVe CONC. ’
PELl .4)

206 FORMAT(1HQ,45HSPECIES MUMBER DENSITY, PARTICLES/CUBIC METER/1X,3H
LH y1PELL 434X 33HH+ 4E1)l.4,4X,2HE tE1Lo4,4X,3HHZ +EL1.404X%X,3HH~
PELIL % gdX g 4HH2+ 4E11 o444 Xy 4HH3+ sFlla4)

207 FORMAT(1HO+S3HDETATIILED NUMBER DENSTITY FOR HZ2, MOLECULES/CUBIC METE
IR/1Xs67H GRNOUND ELECTRONIC STATE WITH VIARATIJINAL QUANTUM MUMBER O
2F V=0 41IPEll.4,4X,5HV=1 vEYle4 44X 45HV=2 tELL.4/1Xs7TH V=3 ’
BELLlaby4X,5HY=4  L,E1] .44,4X%,5HV=5 1ELLob434X35HV=6  JFllalg4X,5HY=7
&4 ,Ell.4p’tX,5HV=P) 'El]olff].XOTH V=9 ,E11.4,4X,5HV=10 yEll.#,#X,5H
S5V=11 3E1144,4Xs5HV=12 4F11l.4,4%,5HV=13 1EL1e4,4X,5HV=14 L,E11.4)

208 FORMAT(1H #31H 1SNS SIMGLET SIGMA STATES WITHy11Xy5HN=1 +1PELl.4,
14Xy SHN=2 21EL1Lle4y4Xy,5HN=3 tELLle4y4Xe5HM=4 SE1la%)

209 FURMAT(L1H 431H 1SNP SINGLET SIGMA STATES WITH,11X45HN=2 41PE1l.%,
14X,5HN=3 ,El]..‘f,ff)(,SHN-‘-"r )Ella‘"f}

210 FORMAT(1H 428H 1SNP SINGLET PI STATES WITH, 14X,5HN=2 yIPE1l.444X,
L5HN=3 QEII‘#,‘!X,SHN:‘-Q 1Ellas)

211 FURMAT (1 431H 1SND SINGLET SIGMA STATES WITHs11Xs5HN=3 1PE1l)l .4,
14X 4 5HN=4 JE11l.4)

212 FORMAT(IH 428H L1SND SINGLET PI STATES WITH, 14X ,5HN=3 L, 1PE11.444X,
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15HN=4 JEll.4)

213 FORMAT(1H ,31H 1SND SINGLET DELTA STATES WITH,11X,5HN=3 41PEll.4,
14X 45HN=4 SJEll.4)

214 FORMAT(1H ,25H 1S4F SINGLET SIGMA STATE,22X,1PEl1l.4/1X,22H 1S4F SI
INGLET PI STATE425X,1PE11.4/1X425H 1S4F SINGLET DELTA STATE,22X,1PE
211.4/1X423H 1S4F SINGLET PHI STATE.24X,Ell.4)

215 FORMAT(1H +31H LSNS TRIPLET SIGMA STATES WITH,11X45HN=2 LH1PEll.%,
14X e5HN=3 SE1Ll.444Xe5HN=4 LE1l.4)

216 FURMAT(1H 431H 1SNP TRIPLET SIGMA STATES WITHe11X,5HN=3 41PEll.4,
14Xe5HN=4 LEl1l.4)

217 FORMAT(1H ,28H LSNP TRIPLET PI STATES WITH,14X,5HN=2 L1PEl1l.%,4X,
15HN=3 4ELl1l.444Xs5HN=4 LEll.4)

218 FORMAT(1H 431H 1SND TRIPLET SIGMA STATES WITH,11X,5HN=3 41PE1ll.4,
14Xs5HN=4 LE1l.4)

219 FURMAT{1H 428H 1SND TRIPLET PI STATES WITHs14Xs5HN=3 L1PELll.4s4X,
15HN=4 4Ell.4)

220 FORMAT(1H 431H LSND TRIPLET DELTA STATES WITHs11X,5HN=3 L1PEll.4%,
14Xye5HN=4 LE1l.4)

221 FORMAT(LlH 425H 1S4F TRIPLET SIGMA STATE.22X,1PEll.4/1X,22H 1S4F TR
1IPLET PI STATE+25X41PELLl.4/1X,2%H4 1S4F TRIPLET DELTA STATE,22X,1PE
21144/1X423H 15S4F TRIPLET PHI STATE.24XsEll.4)

222 FORMAT(1H ,20H ALL 1SN STATES WITH,22X,5HN=5 S1PE1l.4,4Xs5HN=6 ,
1E1LlabeaXy5HN=T 3EL144434Xs5HN=8 SELL44/1XeTH N=9 JEL1.494X45HN=
210 4E11.444X35HN=11 4Flle4e4XeB5HN=12 4E1l.444X45HN=13 4ELll.444Xy
35HM=14 ,E11.4)

223 FORMATI(LH s7H N=15 31PEll.434X+5HN=16 JE1l.444X45HN=17 ,E11.4)

224 FORMAT(L1H ,35H TOTAL IN EXCITED ELECTRONIC STATES,12Xs1PElle4)

225 FORMAT (LHO 448HDETAILFLC NUMBER DENSITY FOR Hye ATOMS/CUBIC METER/LX,
147H STATES WITH PRINCIPAL QUANTUM NUMBER (F N=1 41PEll.%q44X45HN=
22 9E11.49"’+XQSHN=3 gE‘llo‘l‘y‘foSHN=4 ,Ell.‘r/leTH N=5 QE].].OZP,"X,
F5HN=6 3E11.434Xe0HN=T 3E1le4s4Xe0HN=8 JEL1le444X35HN=9 4E1)a%,
44)(,5HN=10 9Ellolf/1xt7H N:}.}. 1E110£‘-,"’!X15HN=12 ,Ell.‘&,4X,5HN=13 v
SELlebyaXs5HN=14 3E1labs4XeDHN=15 4E11l.4454Xy5HN=16 4E11.4/1X,7TH N=
617 E11.4)

226 FORMAT(1H ,35H TOTAL IN EXCITED ELECTRONIC STATES,12X41PEll.4)

227 FORMAT(1HO449HDETAILED NUMBER DENSITY FOR H2+, IONS/CUBIC METER/L1X
1y67H GROUMD ELECTROUNIC STATE WITH VIBRATIONAL QUANTUM NUMBER OF
2V=0 3 1PEL]l o4 y4Xe5HV=1 JEll.4+4Xe5HV=2 LE1la4/1XyTH V=3 HEll.4%
394X95HV=4L 3ELl a4 34X e5HV=S 3E114494X35HV=6 s F1lle4s4X45HV=T
4E11.444Xe5HV=8  SEL14/1%9TH V=9  JE1Ll.4,4Xe5HV=10 4E11l.4,4X,5HV=
511 3F114494X35HV=12 4E11a444X35HV=13 ,E1lle4s4X,5HV=14 4E11.4/1X,
e€TH V=15 JE11le494Xe5HV=16 4E1le4y4X35HV=1T 4E11.4,4X,5HV=18 ,
TELla4y4Xs5HV=19 ,E11l.4)

228 FORMAT(1HO,24HMISCELLAMEDUS QUANTITIES/1X,10H DELI +1PEll o4,
18X49HDELIN +E1l44,48X,9HRO +E11.4,8X,9HRON +Ell.4)
229 FORMAT(1H ,10H CUTL 1 1PELLl.448X,9HCUT2 tE11.4,8X439HO(L)
1 JE11.4,8X,9HQ4P 1Ell.4)
230 FORMAT(1H ,10H Q6P v1PE11.448X,9HQTP +E11.4,8X,9HERETA
1 JEl11.4,8X,9HC 1D1lla4)
231 FORMAT(1H ,10H ERS +IPELL.448Xy9HDELLY ¢D11.4,8X9HDELLGM(

11)9D11.448Xy9HDELLGM(2)4D1144/1Xy10H DELLGM(3)4D11.448X,9HDELLGM (&
2)9D11448X s IHDELLGM(5) 3N114498X39HDELLAM{6)4DL144/1Xy10H DELLGM(T)
3,D11.4)

232 FCRMAT(LH+,29X,9HETAD ¢1PELlle4,8X,9HI1 yI13416X,9HIZ2
1 HI3/1H1)

233 FORMAT(IH ,15,2X,1P11E11.3)



261 FORMAT(1H1)
262 FORMAT(1H )
END
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$IBFTC LQL1PF
SUBPROGRAM FDR PARTITION FUNCTION OF H ATOMS

THIS SUBPROGRAM FINDS THE CONTRIBUTION OF EACH EXCITED STATE TQ THE
PARTITION FUNCTION USING 2 DIFFERENT CUTOFFS AND ADOPTS THE SMALLER
VALUE. THE CONTRIBUTIONS OF THE EXCITED STATES ARE THEN ADDED TO THE
GROUMD STATE COMTRIBUTIUN TO GIVE THE PARTITION FUNCTION.

FUNCTION QLPF(RO,DELI)

COMMON/BLOCK2/PHI 4PHIC»SUML/BLOCKS5/ARBL yARB2

DIMENSION PHI(17)4PHIC(17),STARI(18),RO0TA(18)

DATA STARI/10967880.,27419704512186504+685490.,438720.4304670.,
122384049171380449135410491096804,;90650439761704464300445596045
2487504 942850.,37960.,33860./

DATA RODTA/7e2744E—6451.4549E~54241823E-542.9098E-5+3.6372E=~5,
14e3646E=5,5.,0921E~5,5.8195E~546.54T70E~5,7.2744E-5,8.0018E~5,
78e7293E~5,94456TF-541.0184F=4431.0912E~441.1639E~4,1,2366E~4,
31.3094E-4/

PHIC({1)=PHI(1)

SUM1=0.

ROOTR= SQRT(RO*ARB1)

DO 1 N=2,17

2 STARL=(STARI(N}+STARI(N+1)}/2.
TFISTARL=DELI*®ARB2)544,44
4 PHICIN)=PHI(N)
GO 1O 9
5 IF(START(N)-DELI*ARB2174+6,46
6 PHIC(N)=PHI(N)#((START{N)=DELI*ARR2)/(START(N)=STARI(N+1}}+.5)
GO T0 9
7 STARZ2=(STARI(N-L)+STARI(N)}/2.
IF(DELI®*ARB2-STARZ2)8,3,3
8 PHIC(N)=PHI(N)#{(START(N)-DELI®ARB2}/{(START(N-1)}-S5TARI{N}}+.5)
GO TO 9
3 PHIC(N}=0.
9 ROOT1l= (—ROOTA(MN)I-ROCTA(N+1))/2.
IF(ROOT1+RODTR) 11,10,10
10 PHICN= PHI(N)
GO TO 16
11 IF{—-RODTA(N)+ROOTR) 13,12412
12 PHICN= PHI(N)*®({(—ROOTA(N)+RODTR)/(=RONTA(N}I+ROOTA(N+1))+.5)
GO T0O 16
13 ROOT2= (—ROOTA(N-1)-RODTA(N}) /2.
IF(-ROOTR-ROOT2)14,15,415
14 PHICN= PHI(N)*({-ROOTA(N)+RODTR)/(—-ROOTA(N=L)+RODTA(N})+.5)
GO TO 16
15 PHICN= 0.
16 PHIC({N)= AMINL(PHIC(N)4PHICN)
SUM1= SUM1+PHIC(N)
1 CONTINUE

QLPF=PHIC({1)+SUM1

RETURN

END

OO0 O000
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SIBFTC LO&4PF

OO0 0D

SUBPROGRAM FOR PARTITION FUNCTION UF H2 MODLECULES

THIS SUBPROGRAM FINDS THE CONTRIBUTION OF EACH EXCITED STATE TO THE
PARTITION FUNCTION USING 2 DIFFERENT CUTOFFS AND ADOPTS THE SMALLER
VAILUE. THE CONTRIBUTIONS OF THE =XCITED STATES ARE THEN ADDED T0O THE
GROUND STATE CONTRIBUTION TD GIVE THE PARTITION FUNCTION.

FUNCTIOM Q4PF(ROLDELI)

CUOMMON/BLOCK3/SUM,GAM, GAMC y SUM4/BLOCK4/IMAX/BLOCKS/ARBL , ARB2

DIMENSTION GAM(6423),GAMC(6423),TMAX(23)STARTI(7,23),RU0TA(T,23)

DATAC(STARI(I3J)31=1,45),4J=1,3)/1244130044+2524920.,41145640,,593180.
1,458380.412441300.43420970441393480.,752770.4458380,,412441300.9
225319704491154100,,657930.,45832804/

DATAC(STARI(T4J) 3I=144)4J=446)/2892650.+12601404+711820.9458380.4
1728926504¢12402604+685140449458380492892650441204780.46770404,
2458380./

DATA{(STARI(I,J),1=1,3),J=7,10)/1288480.,733350.+458380.,1288480.,
16522004 +458380.491288480.47247004+458380.,1288480.,701600.,458380./

DATA(START(T411)41=1,451/124413004529425204,1262970.+7065104.,
14583804/

DATA(STARI(I,12)41=1,4)/2892650.,1781960.,889930.,458380./

DATA(STARI(1413),1=1,5)/124413004+2961190.,41280330,,730570.,
1458380./

DATAC(STARI(T,4J),1=1,44),J=14,16)/2892650.,1270300,,7034560.,458380.
152892650,9124834044693310449458380.92892550445121165044692720.,
2458380./

DATA((STARI(I+J)41=1,3),J=17,20)}/1288480.,696660.,458380.,1288480.
1:6B21504,458380441288480e472476043458380441288480.,701660.,
2658380,/

DATACISTARI(T4J)yI=147),J=21,22)/708730.,+458380.4317130.4232380.,
11776604,1402104491135204,14N0210.5113520.4393760.,78800.,67200.,
257980.,50540./

DATA(STARI(I4+23)41=1,5)/57980.4+50540.,44450.,+39410.,35190./

DATAT(RODOTA(TJ) 31=145)4J=143}/.6B03E-5,1.454E~-5,2,193E-5,
13.4020E-5,3.575E=5446803E-531.312F-541.919E~5,2.,656E-543.575E-5,
2.6803E-5,1.452E-542.187E-5,42.882F-5,3,575E-5/

DATAC(RODTA(T 3 )9 1=1s4)43J=446)/1e415E-5,2.13%F~5,2.861E-5,
13.575E=5,144105FE=542.150PR~-5%,2.,899F=-5,3.575F=-5,1,415E-5,2.194E~-5,
22e915F=5,3.57THE-5/

NDATA{(ROODTA(T 3J)30[=143)4J=7,410)/2e120E~542.862E-5,3,.575E=5,
124120E-5424934E-5,3.575E-5,2.120E=542.842F=5,3.,575F-5,2.120E-5,

22 «BEIE-H43.575E-5/

DATA(ROOTA(TI 11),1=145)/.6B03E-5,1.454E-542.193E-5,3.020E-5,
13.575E~-5/

NDATA(ROOTA(I12)9I=144)/1415E-541.919F-5,2.656E-5,3,57THE-5/

DATA(RONTA(T $13),431=145)/46803F~541.452E-5,2.182E-5,2.882E-5,
13.575E~-5/

DATAL(ROOTA(T 3J) 91=144) 4Jd=14,16)1/1.415E-5,2.135E~5,2,.8361E-5,
134575E-5414415E-5424150E-5424899E-543.575F~-5,1.415E-5,2.194E~-5,
22e915E-5,4,3.575E-5/

DATA{(ROOTA(T4J)41=1,3)4J=17,20)/2.120E-5,2,862E-5,3,575E=-5,
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4

5

6

7

8

3

9

10

11

12

13

14

15

16

1

120120E=592e934E=543.575E-542e120E~542.842E—543.575E=542.120E-5,
22 4B63E-543.575E-5/

DATA((ROOTA(T ¢J) 9 I=197)4J=21422)/2.861E-543.575E~544,302E-5,
15.030E~545.758E=536.485E=593Te212E=53644B5E—5,7e212E=5,7.940E-5,
28 466BE=549,395E=5,10.12E-5,410.85E~-5/

DATA(RQOTA(I+23)41=1435)/10412FE-5410.85E-5411.58E~5,12.30E-5,
113.03E-5/

ROOTR= SORT(RO*ARB1)

SUM4&=0.

DO 1 M=1,23

IMA=IMAX(M)

DO 1 I=2,IMA

STARI=(STARI(14M)+STARI(I+1,M)) /2.

IF(STARLI-DELI*ARBZ)5+4 44

GAMC (I 4M)=GAM(I,M)

GO TO 9

IF(STARTI(I 4M)=DELI*®ARBZ2)T 46,46

GAMC(I ¢M)=GAM(T 4M)=({ (START(I ¢M)=DELI®ARBZ)/(STARI(I4M)=STARI(I+1,
1M))+.5)

GO TO 9

STARZ2={(STARI(I-=14M)+STARI(I,M))/2.

IF(DELI*ARB2—-STAR2)}843,3

GAMC (I 4M)=GAM(IyM)=({STARI(I4M)—=DELI*ARB2)/(STARI(TI=14M)=STARI(I,M
1))+.5)

GO TO 9

GAMC(T4M)=0.

RODOT1={(—-ROOTA(I4M)=ROOTA(I+1,M))/2.

IF{RODOT1+RUOTR) 11,10,10

GAMCIM= GAM(I,4M)

GO TO 16

IF(=ROOTA(I M}+ROOTR) 13412,12

GAMCIM= GAM(I4M)*({(—ROOTA(IsM)I+ROOTR)/(=RODTA(T4M)+ROOTA(I+14M))
1+.5)

GO 70 16

RODOT2= (—-ROOTA(I-1,M)-ROOTA(I,M)}))/2.

[F(=ROOTR=ROOTZ2) 14,15,415
GAMCIM= GAM(I 4M)={(=RNOTA(T yM)+ROOTRYI/(=ROOTA(TI=14M)+RUOTA(TI M) )
1+45)

GO T0 16

GAMCIM= 0O,

GAMC(I4M)= AMINL{GAMC(I M) 4GAMCIM)
SUM4= SUM4+GAMC (T,4M)

CONTINUE

Q4PF=SUM+SUM4

RETURN

END



$IRFTC LBLO
C SUBPROGRAM GIVING CONSTANTS FOR Hy H+y4 E~, HZ4 H—y HZ2+, AND H3+
c

BLOCK DATA

COMMON/BLOCK&4/IMAX/BLOCKG/Z
1/BLOCKT/ALPHA 3EH G EF3EN3EHZ 3 EIGHT yRESBETA3JPLIMyKPL1 My GH2 4 GH2P 4 FH2

DIMENSION TMAX(23),72(7)ALPHA(T)yEHI{17)EF(6423)4,ED(6423),EH2(6,
123) yWEIGHT(6423)3RE(6423)4BETA(54323)43JP1NM{L1E),KP1M(20),GH2(15),
2GH2P({20) 4FH2(15,439)

DATA IMAX/4e4y4939333923292929%9394939393492:292924+6496,54/

DATA Z/0e3laslesOaplaslesla/

DATA ALPHA/3.1673E-3433.1700E-3,2.4940F+2,1.1198E~3,3.1649E-3,
11.1203E-3,6.0974E~4/

DATA EH/049118354,4140271.9147942449151493.,153421.,154584,,155339.
19155856.9)1562274415650044156709.4156871.4157000,4157103.,157188.,
2157259./

DATA EF/0e93724949323449273B493%0491918,4923824929354493%0493475.4,
13236e93164493%0493342493269494%049328649306%a94%0a931704931404,4%0
292987 495%04 933594955014 92979495504 93340,45%0,4+3672.+3264492823.,
33%0a 931444930854 94%049335249322449330%,443%04920864930R74446%04y
43271 093148 e14%0e93100033109.4,34%0,42953.45%0,433325,¢5%0442979.,45%0,
5933404 95%0a93045.43306Ta33085,4+30974,372108.490a43116.43122,.43127.,
63130.93133440443136.43138493140442%0./

DATA ED/04929339.49313954924349443%00441506491265%432AT4R4+3%044
129715.431520.932012.493%0.914779.426384.44%0.,1466%,,2084T444%0,,
232183493227 34a94%0092649T4a95%0)49256404,5%04226369495%04,437736,,45%0.
3935561.9330974925022493%0a91864244510362,.,4%0,4,35661,.,33324,,
426683 493%04916026492h0123e945%0.91582649260834,45044322724432480.,4
54%(0) ¢ 925951 0 9550 0 93246864 35%04492636F435%04,327354,5%N,,29363,,
630334,433090849312364+9314784430.43316A1.431782,4310R82.431901.43202b.
T21e0s320724432112.4432147442%04/

NATA EH2/043140975.45160H35,.4169035,493%0.4,128807.41574558.4166636.,
135049140751 4916071 149167890493 %0e915901A.4167041e,4%0.4159331,,
2167537 a94%04916004RB.4167529.4+4%04y166RRE,35%044167843,.,45%04,
3167016495504 916T16R. 5504913475249 159133,41A7363,,3%0,4151672.,4
4164401 4947049134652 .9158907 49166701493 %04915904544167261e94%04y
51592454 31AT301 ¢ 4450491599599 167422 0945044 167433,,5%0,4167406.,
65%0a9157015e95% 00910671 16T7495%0,,170820,.,172843,,17405%2.,174835.,
T175369¢ 909l 757404431 700300917AR243.41T640R1THHG0 44003176645,
9176732-‘!17()303¢ 12*()-/

DATA WEIGHT/ e s3%1 e y3%F0,93%1 033500 y3%2.93%0,92% ] apb®U.42%24494%04,
17%2 0 394%009]1e99%0492e95F 00920955009 2a9°%0. 93*‘3.93*0.12*3.,4*0.?
23*6.93*0.1?*‘3.r‘"f’:"Oo12’::6.t(+$0092*607’!‘*0. $3.1‘:":=00t60 tl'-_‘*nu'f‘o 95’5‘0.9
36. 95$0¢’ 10009144. 1] 196. 9256. 932"!. 9“0 9400. 1518‘1-. 9576. 967"’. ,78(5."0.f
49009102444 1150.,2%0./

NDATA RE/0491le0334E-1041.118B1E-10451,1290E-1043%0,,1.2907E~10,
11e1270F=10431.111E-10,3%0.451.03148FE—1041.0440E-10,1.0555E-10,43%0.,
21a0740E=1041e4205E=104+4%0a31.1A39E-10431.3972F—1044%0.,.9916F-10,
3aRISOFE—1044%0 4491 e0809E=1045%04¢3105R3E=10,5%04+1.0B21E~1N,5%0.,
41 40253F=1045%049.9955E—1041.06013F—1041,1152E-1043%0.41.0869E~10,
51 a0654E=1044%0,431.0099E—-10,1.0667TF=10,1.0603E=10,3%0.s1.4461E-10,
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6.9298E—1044%0491e1466E=104141AT5E-10,4%0,.,.9937E~10,.08348E-10,
T4%04431.0866F—1095%0091e0276E=1045%04491.0821E-10,35%0,51.02530L-10,
85%0e91e0732E—-105140703E-1041.0676E=10,1.0657E~10,1.0641E-10,50.,
91.062BE-1041.0617E-10,41,0610E~-10,1.0605E-10,1.,0600E~10,0.,
Al.0595FE—1041.,0592E~10,1.0589E~10,2%0./

DATA BETA/Q431e4529E+10451.3907E+10451.3448E+10,2%04,.6948E+10,

11« 7OTOE+1041 ¢3750E+10,3%04491.5493F+10,1.3895E+10,51.3451E+10,43%0,,
22.27TOE+10,31.5551FE+1044%0,9242658E+10,1.4662FE+10,4%04,1.3204E+10,
3143281F+1094%04+31e406BE+1045%0491e6348F+10,5%0471.4068E+1095%0.,
4] JH06BE+10,5%04y144844E+10,1.3641F+10,1.3385E+10,3%0.41.R309E+1C,
52 6694FE+1094%0491e349TE+1041.3407E+10,1.6084E+10493%04,51.9680E+10,
61 e 4693E+10434%0e92e1220E+105145022E+10434%0441.3103E+10,1.3086FE+10,
74450491 04068FE+1095%0031+4068F+10,5%04491.4068E+1045%04,51.4068E+10,
85%049le3556E+10,1.3406E+1041.3352E+10,1.3330F+10,1.3319E+10,0.,
91e3314E+10,143311F+10,1.3309E+10,1.3308F+10,1.3307F+10,0.,

A3%]1 .,3307E+10,2%0./

DATA JPIM/3943643443293092842642492241991731541249995/3KPLIM/42,40,
138+37+35¢933,3143092R+264244922320,18416,1441148,5,2/

DATA GH2/0494161144,B08574,.411780924451524910441849093.,2150499,,
22428777 ¢92683139442912441,.43115129.432R8751443430366.,3535284.,,
23597480,/ yGH2P /049219134 .442554544961965644801821.,972336,,
31131427.91279260451415937441541490,,51A55879,,175R991.41R50623,,
41930484.91998171449205316R,42004829,4,2122424442135548,42137849,/

DATA ( FH2 (I, 1)41=1415}/

X Oot 001 -001 _Oos ‘”OQQ Oey
X 0.9 "'009 0.1 _009 "0.9 0.,
X -0y had O 9 Os/

DATA ( FH2 (I, 2),1=1415)/

X 11852 .9 11257494 10679., 1011_!_.1: 9565., RY9RB .y
X 841344 7821y 7211, 6557 .9 5849 ., 5068,
X 415249 30799 1727./

DATA ( FH2 (I 3),1=1+15)/

X 354534y 336729 319324, 302334, 285824, 26865 ¢y
X 251364 23363.4 215274, 19579 . 1746% ., 151234,
X 12365.4 91144, 4994,/

DATA ( FH2 (Iy 4)yI=1415)/

X 70587 a9 670294 63564 ., 60171.y 5688144 5345649
X 5000909 46“‘67.7 4280109 3?91()., 24669!.9 29“)?{).;-
X 244894y 178799 9439,/

DATA ( FH2 (I 5),1=1,15)/

X 116932.y 111037., 1052864, 996434 QL1624 BB500 .
X 82760 .y 768750 7075749 64279 .y 57196., 49365,y
DATA ( FHZ (I, 6)sI=1,14)/

X 174094.y 16529%494 15671545 148294,y 140077, 1314514y
X 123062.9 114259,y 105089., 95367 .9 R4T730., 17291794
X 531279 422404/

DATA ( FH2 (Is T)eI=ls14)/

X 241600ey 2293584y 217404., 205686.y 194196., 1825014
X 170530.y 158230., 145398., 131803.y 11AR0O4., 100218.,
X 8072249 566914/

DATA ( FHZ (1s 8),1=1,14)/

X 318852.y 3026804y 2R6R54., 2T1338,, 2560504, 2405474,
X 224697.y 208344., 19125%4., 173066., 193109,, 1307464,
X 10441849 71609./

DATA ( FH2Z (14 9)4I=1414)/



X 40534644
X 285058.,
X 129518.,
DATA ( FH2
X 50039249
X 351079.,
X 155153./
DATA ( FHZ2
X 603335.,
X 422177.,
X 180225./
DATA ( FH2
X 7135004,
X 4978104,
X 203042./
DATA ( FH2
X 8301944,
X 5773904,
DATA ( FH2
X 95273444
X 660331.,
DATA ( FHZ
X 1080441 .,
X  T46059.,
DATA ( FHZ2
X 1212683,.,
X 8339779
DATA ( FHZ
X 1348R94.,
X 9234794,
DATA { FH2

X 1488465,
X 1013929.,

DATA |

FH2

X 1630829.,
X 1104753.,

NATA (

FHZ2

X 1775451 ¢4
X 11952964y

DATA |

FEZ

X 19217914,
X 12B4780.,

DATA |

FHiz

X 20693724,
X 13725264,

DATA (

FR2

X 221769944
X 14575344,

DATA |(

FH2

X 2366299,
X 15386654y

DATA (

FH2

X 25147734,
X 16141874/

DATA (

FH2

X 26627454,

38468544 3645054,
26411249 2421564,
85558,/
(1410)41=1,13)/
47476Tay 44978l
325015.y 297609.,
(T411),1=1,13)/
572282.9 542057 a4
390486.y 357056.4
(1+12)41=1413)/
676570ey 6406984,
45991 T .y 419860 .y
(I413)sI=1412)/
78698744 T45062 .4
532733 .y 4853B5.,
(I,I4I,I=1,l2)/
902894., B854558.,
6083264, 553002.,
(1415)40=1412)/
1023684.y 968516.,
686133.y 622111.,
(I416),1=1411)/
1148721 ey 10863994,
T6H532., 69199% .,
(1417)+1=1411)/
]_2774}0209 1207582.9
8458054y 7617584,

(T418),1=1410)/
1409142+5 1331524.,
92630544 RB30773 ey
(1419)41I=1,101}/
15433794y 14576814,
1006324., BOT9T73 .,
{(1420),1=14 9)/
1679592.,4 15855104,
10849504, 961921./
(I1,21)s1I=1, 9)/
181727249 17145044,
1161330.5 1020$58./
(1422),1=14 9)/
1955961 .4 1B44169.,
123422644 10702234/
(1,23),1=14 B)/
2095209« 19740394,
13016444/
(1424)91=1,
22345664
1359827./
11,2‘5)71=1,
23735794

8)/
210365H .y

Y/
22326134,

(1426)41=1,
2511826.,

1)/
23604624,

3447029
2187404y

425219y
26828249

5122904,
321116.,

605301 a9
376580. r

7036664y
4339654,

BO06T738.,
4925754y

913920.4
551738y

10246044y
6105074y

11382294,
66TTHD .

125424]) oy
7224074/

13720944

172062 .7

14912804,

1611313 ey

17316064

185187149

1971389, ,

20893735,

2206391 .,

32511949
192981 ey

400851e9
235916.,

4B267% e
281300.,

569997
328393,

6622214
376318.4

TO8T4b oy
4263) 64y

858987.,
471342 49

962369,
515770/

10683094,

555461./

1176241 .4

12856214

1395881 .,

15065734

1617105,

172695744

1835555, ,

19422274y

20463744y

305303,
1639474,

3762064y
19924644

4527154,
235841.,

5342734,
2727214,

620288. *
3088064/

7101584,
3426144/

8033064,

371564./

A99130 .,

997097. L ]

10965864,

119703844

1297904 .,

1398545, ,

1498380.,

1596827,

1693041.,

17862144y

18751004,

47



X 1680320./

DATA ( FH2 (1427)41=1y 6}/

X 2809896.y 2648894.9y 24867264, 23208394y 214710744 19581304/
DATA ( FH2 (1,28),1=1,y 6)/
X 29558794y 278434749 26109494, 2432370.4 2243405,.,, 2031554,/
DATA ( FH2 (1429),1I=1y 5)/

X 3100329., 2917813., 27325784y 2540291., 2333484,/

DATA ( FH2 (I,30),I=1, 5)/

X 3242913.4 30489164y 2851009., 2643523., 2414117./

DATA ( FH2 (I431)41=1y &)/

X 3383239.y 31771864y 2965595, 2740537./

DATA ([ FHZ (I1,32)y1=1y &)/

X 3520920.y 3302143., 3075429., 2828060./

DATA ( FHZ (1433),1=1y 3}/

X 3655593., 3423200., 3179162./

DATA ( FH2 (I+34),1=1, 3)/

X 3786839.,, 3539599., 3273966./

DATA ( FH2 (I435),I=1y 2)/

X 3914204.y 3650081./

DATA [ FH2 (I436),1I=1y 2)/
X 4037023., 375250644/

DATA { FH2 (I1437}yI=1y 1}/
X 41545044/

DATA ( FH2 (1,38),I=1, 1}/
X 42651884/

DATA ( FH2 (1+39),I=1s 1)/
X 4364780,/

END



$IBFTC LBLP
C SUBPROGRAM GIVIMG CONSTAMTS FOR H2+, H3+, AND DIATOMIC PARTITION
C FUNCTION APPROXIMATION USED FOR H2x
C
RLOCK DATA
COMMON/BLOCKB/FH2PQ7PT o TTy THETAT yWOT 4 W1T,W2T
DIMENSTON FH2P(20442)4307PT(6T)+TT(6T) 3 THETAT(29),W0T(29)4WLT(29),

1W2T(29)

DATA ( FH2P (I, 1),1=1,20)/

X -00' -0.1 -0.1 00! 00? "'00?
X Qay —Q.y =0y Cey Oay =Dy
X 0-1 "'0.9 0.9 0.’ O., 0.,
X —Oey 0./

DATA ( FH2P (I, 2),1=1,20}/

X 582649 55194+ 5221.9 4936,y 46564y 4384 4y
X 41109 384549 35794 3313, 3044 .y 27704y
X 2484 49 2193 . 1884 .4 155444 11924, 790 ey
X 342 oy 63,/

DATA ( FH2P (I, 3)},1=1,19}/

X 174184y 16511, 1562649 147734 13951., 1310140
X 12309 a0 11501.., 107024 98954, 910644 82684y
X T432 ey 6548,y 5624 ey 4A2T ey 35424 2328,y
X 950./

DATA ( FH2P (I, 4),1=1,19)/

X 347144y 3289149 311254 2942049 27761l ey 26098,
X 24499 .4 2289644 21305., 1970249 18110., 16462 .9
X 1476G 44 132006.4 1115344 9159., 698lay 4537 44
X 177TL.7

DATA ( FH2P (I, 5),1=1,19)/

X 57562 .9 54529, 4 5159 7ay 4BT63 .y 45996, ¢ 43255,
X 405884y 37931 ey 3528849 32627y 2997144 27233 .,
X 244 b ey 214774y 18367 .y 15053., 114054, 72904
X 2567/

DATA ¢ FH2P (1, 6),1=1,18)/

X 85804,y 81259« T6880. 7265344 68504, 64428 4,
X 604384, 5648149 5253644 485683., 44569 .4, 404704
X 3624849 318464, 2717844 2215844 166744y 1041547/
DATA ( FH2P (I, 7),1=1,18)/

X 1191994 11288044 106783 .4 1008934, 95115, BI449, ,
X 83891 .y T83T4 ey TZ2BT4% . 67340 ey 6175%% 4y 56037 ey
X 5012644 439664 374154, 30368, 22617249 13667/
DATA ( FH2P (I, B),yI=1,18)/

X 157500y 14916149 141087.y 13232524, 12562344 1181254,
X 110752., 1034344, 9613244 B8791l.4 Bl36Z2.4 7375044
X 6588740 ST6T0 ey 4893649 39471y 289954, 166486/
DATA { FH2P (Iy 9)4I=1417)/

X 200508., 189847+ 179545., 1695724 1598024 1502424y
X 140817.y 131465., 122124., 112715., 1031925., 93443 .,
X 83341 ., T27T72 a0 615004, 49244 4 4 3h645,./7

DATA { FH2P (1410),1=1417)/

X 24787ley 234658,y 221891.y 209501., 1974194, 18555049
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X 173848.y 16223l., 150619.,
X 102289. 890464 T4899.,
DATA ( FH2P (I1,411)41=1,417}/
X 299287.9 283321., 26785749
X 209629y 195526.y 1814184,
X 122509.9 106286., 888819,
DATA ( FH2P (I,12),1=1,161)/
X 354507.s 335523., 317158.,
X 2478B90.y 23108l.y 21426741
X 14376649 12421445 1031564,
DATA ( FH2P (I,13),1=1,16)}/
X 413131.y 390969., 3695044,
X 288397.y 268687+, 248932.,
X 165801.s 142591.y 117391.,
DATA ( FH2P (I1,14),1=1,16)/
X  674906.y 449325+, 4245874,
X 330899., 308056., 285182.,
X 1883204y 161065., 131180.,
DATA ( FH2P (1,15)41=1415)/
X 539480.s 5103404, 48212249
X 375092.y 34896T7.5 32272849
X 211086.y 179298., 143982./
DATA ( FH2P (I,16),1=1415)/
X 606555.s 573682+, 5418244,
X 420801l.y 391179., 3613844,
X 233725., 196869y 1548684/
DATA ( FH2P (1417),1=1414)/
X 675813.y 639063., 6034204,
X 467684.9 434374., 400829.?
X 255913.y 213220./
DATA ( FH2P (1418)4I=1414)/
X T46961l., T06187.y 66660944
X 515559., 478369., 440836,
X 27716645 2274334/
DATA ( FH2P (1,19),1=1413)/
X 819714.y, 7747864y 7311214
X 564153,, 522908., 48114%.,
X 2969244/
DATA { FH2P (1,20)41=1,13)/
X 893796., 844572., 796731,
X 613226.y 567696.y 521531ey
X 3142264/
DATA ( FH2P (1,21)41=1,12)/
X 96894749 915328+, 863177,
X 662532.y 612526.y 5616624,
DATA { FH2P (I,22),1=1,12)/
X 1044880.y 986793+, 930222.4
X 7118574y 65712745, 60129544
DATA ( FH2P (1,23),1=1,11)/
X 1121411., 1058739+, 99763%.,
X T760888., 7T101235., 640093.,
DATA ( FH2P (1,24),1=1,11)/
X 1198293+, 1130945., 1065209,
X 809445., 7445720? 67?7610!
DATA ( FH2P (1425),1=1,10)/

X 127531249

1203199.,

11327244y

138934.,
5945444

25286049
1671784
6971744

2993384,
197292 .+
79723./

348652.9
228981 .y

88908./
40052644
261999 .,

961384/
45467649
296142 .44

5108234,
331113.9

56867344
3666664y

6280134,
402539. 4

688521 .4
43845844

75000444
L74135.,

812177«
509262 .4

BT4936.,
543481 .4,

93774‘1’09
57643644

1000683.,
60758744

10634444,

127075 e
41872/

238213.’
152762 e
474364/
281915419
1800310’

32826044
20865049

3769739
2383679

427770e1
26893]) .9

480405«
3000784

534604‘0 ]
3315299

5901044 ¢
363021 9

6466654y
4942164

70402649
42646794 oy

761957+
4543564

820241 ey
482431 ey

87860544
5083644/

9368734,
5310094/

99482849

114906,

2238214,
137909+

2647944y
1622584,

3082044,
18767949

353795,
21392649

4012954,
24073b .y

450453 .,
26782244

501009,
294877 ey

5527054,
3215734,

605298.,
347533 .,

6585401 ’
372301,

712195.,
395284,/

1660384,
415404,/
81981344

873310y

9263009y



X B572%0.y 786830.y T13829., 636234./

DATA ( FH2P (I1,26),1=1,10}/

X 1352270.y 1275300, 1199980.y 1125842., 1052205., 978528.,
X 904028B., B827675.y T47830., 6610264/

DATA ( FH2P (I1,27),1=1,y 9)/

X 142897249y 134705949 12667864y 1187602.y 1108B34., 10297634,
X 949478.4 B66633., TT78916./

DATA ( FH2P (1,28),1I=1, 9}/

X 15052354y 1418292.y 1332947., 1248595.y 1164471,.,, 10797324,
X 993247., 903208., 805429,/

DATA ( FH2P (1+429),1=1, 8}/

X 1580909.+ 14888l6.y 1398277.4 1308589.y 1218877+ 11281323.,
X 1034872.4 9364564/

DATA ( FH2P (I,30),1I=14 B}/

X 16557664y 1558459., 146258849 13673704y 1271798., 11746154,
X 107379745 964079./

DATA ( FH2P (1,431),1=1y 7)/

X 17297254y 16270724y 15256874y 14247144, 132293444 12187144,
X 1108939./

DATA ( FH2P ([432)41=14 &)/

X 1802547ey 16944204y 1587375+ 14R80369., 1371923., 1259755./

DATA ( FH2P (1,433),1I=1, 6}/

X 187413B.y 1750389., 16474414y 1534041., 14182004, 12964774/

DATA ( FH2P (I434),1=1,4 5}/

X 19443304, 1824775., 17056514y 1585373., 1461785./

DATA ( FH2P (1,35),1=1, 5)/

X 2012959.,y 1887373.y 176169H.y 1633861., 1499343,/

DATA ( FH2P (I436),1=1, 4}/

X 2079863ey 19479774, 1815243244 16786774/
DATA ( FH2P (1437)4I=1y 4}/

X 214486344 200629949 18657864y 1T7T17R21./
DATA ( FH2P (1,38),1=1, 3}/

X 2207751y 2067003+, 1912420./
DATA [ FHZ2P (1,39),1=1, 2}/

X 22682944, 2114594,/
DATA { FH2P (I,40),1=14 2)/

X 2326179+, 21631454/
DATA ( FHZ2P (T441)},I=1s 11}/

X 23809664/
DATA ( FH2P (I1,42),1=1s 1}/

X 2431910./

DATA Q7PT/4.R00637e426631.0359E+1,3143623E+145147220E+1424.1167E+1,
12.5502E+1,3.0275E+143.5544E+]144,1372E+1,4,7830FE+1,5.4901FE+1,
26a2336E+]1 3 7al746E+F13841509F+1439.2319E+141.0427E+241.1748F+2,
3144B09FE+2,1.8511E+4242.2965E+242.8294E+2,3.463TFE+2,4.2149E+2,
45.1005E+2 3641401E+243743555E+248.7712E4+2,141331E+3,1.4509E+3,
51 48428E+342,3235E+3,433.1320E+3,+4.,1768E+3,5,9064FE+3,8.,2440E43,
61u1374E+4,145520E+442,0951E+4,2.7988FE+4,3.7011E+4,4.8460E+4,
TBa0T735E+4,41,2969E+542.0129E+54+%.0243E+5,4.4063E+5,06.236%4F+h,
BR.5BRLIE+541,1525E+641.5091FE+6,1.9310E+642.9635E+6,4.2018F+6,
95 .5432FE 40464 R38TE+6+8.2173E+4639.,6610E+6,31.1154E+7,1.2682FE+7,
D]l e4233E+T7 91079 TE+R T 1aBl4TE+T12.0485E+74242790E+T7437.5052F+7,
B2.7985F+7/

DATA TT/30044400445004960044700449800499004410004,11004,12004,
11300414004 91500491600491700491800,:1900.,20004422004+2400.42600.
2+28004930004932004+3400693600493800424000494300,44346004449004,
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35200, 956004+ 360004365004 370004,7500, 38000.,8500.,9000.,9500.,,
410000.411000.+120004513000.,14000.4515000.516000.,17000.,18000.,
5190004920000 9220004 +2400049260004+28000,4300004532000443400044
6360004938000+ 940000494300049460004449000455200044560004/

DATA THETAT/ .03045¢0355.0405 4050440605 .07045.080,.1004.130,44.164.20,
1e257e307e359049e53461e73e83140751e3914672003245934033.5494e154964/,
2HOT/24T634E-1 92 e9930E-14+3.2085E-143.6077E~1,43.9754E~1,4,3202E-1,
34.64TTE—=195.2644E-14641114E-1,6.8566E-1,7.6545E-1,8.3158E-1,

48 .,6490E=198.7356E—-148.6530E~1,8.2038E-1,7.9978E—-1,6,9697E~1,
56¢3748E~1435.3465E~1494.1907TE-143.3762E-142.6264E-142.0105F=1,
61.6003E-19143119E-141.1004E-1,48.1486E-2,6.3428F-2/4,W1T/6.5423F-3,
T843437E-35140320E-291.4798E-2,14,9991E-242.5941E-2,3.,2704F~2,

84 .,888B2E-2,7.967T4E-2,14,1599E-1,1.6618E-1,2.2169F-1,2.6369E~1,
92.9218E~1493.0945E~1,43,2083E-143.1439E-1,2.9978E-1,42,8200FE-1,
AZe456TE=1491.49914E=141.6373E-1,1.2958E~1,1.0054E-1,8,0733L-2,
B6a6599E-2,5.6119E-24,4.1828E-2,3.2698E~2/,W2T/4.6888E~3,6.0577kE=3,
C7.5925E-331.1192E-2,1.55T5E~242.087TBE=2,2.7282F~2,4.,4229E-2,
DB.1832E=24+143254E~1+2.1022E-1,3.0404F-1,3,8063E-1,4.3657F~1,
E4eT7393E—145.0763E=135.077T4E~144¢9096E~] 44.665TFE=1,44.1206FE-1,
F343815E~14+248008E~142.2305E~1,1.7291E~1,1.4011F-1,1.1586E-1,

GO TTBTE=243T7e3060E=245,7204E-2/

END



$IBFTC LMATR DEBUG

OO0 00

SUBPROGRAM TO FIND MATRIX AND IMITIAL VECTOR FOR ITERATIVE CORRECTIOUNS

THIS SUBPROGRAM FINDS 1ST DERIVATIVES OF PRESSURE WITH RESPECT TD
MOLES AND VOLUME AND 1ST AND 2ND DERIVATIVES UF FREE ENERGY WITH
RESPECT TO MOLES AND VOLUME., FROM THESE IT FINMDS THE 5X5 MATRIX X AMD
INITIAL VECTOR Y FOR ITERATIVE CORRECTIONS,

COMMON/BLOCKL/DHyT4PO,PRODLETAD,SD/BLOCKSE/Z

DOUBLE PRECISION VsGMOU(T)sSNI(2)4SY4FMN{T)sFV4FVV,FNVIT),FNN(T7,71),
1X(545)4Y(5),5M,R00T,SUMMyPRODD4S,ETA,C 4 PRODDD,PES,WySMN1SV,SMNZSY

DIMENSION PROD(7),0(7)42(7)

SN(l)= B.3143%T/{(PO*V)

SN(2)= SN(1)=3.4733D3=DH*RO0T/ (PO*V)

SV= —=8,3143xTxSUMM/ (PORVHR2 )+ 42 T465%DH*T*RO0T##23/{PO*V)

PRODD= 9.9100D-2%DSORT{(1.2646D4/T)xx3%5M/V)

DO 3 L=1,7

3 FN(L)= =DLUG(V=Q(L)/ (PROD(L)*GMO(L)))+1.-Z(L)}*PRODD*DH

DEBUG SN{1)ySN(2) SV, (FN{T),1=1,7)

FV= —SUMM/V+,033033%R0O0T==*3%DH
FVV=SUMM/ Va2~ ,049550%R0UNTx%*3%NDH/V

PRODDD= L049550%(1.26460D4/(T4V))%%1,5D00+DSQRT{SM)

Do 4 M=1,7

4 FNV(M)= —1./V+Z(M)EPRODDD*DH

RES= .049550%DSQRT{(1.2646D4/T)>%3/(Vx5M))

DEBUG FV FVV, (FNV(I)41=1,47)

DO 5 I=1,7

DO 5 N=1,7

IF (I-N) 74647

& FNN(T4N)= 14/GMD(TI)=Z(1)=*RES*DH

GO TO 5

7 FNN{I4N)= —=Z(I)%Z(M)*RES*DH
5 CONTINUE

W= (SD=S+C*SM{2)=e5D0%SN(L)=*={ETAD-ETA))/SV

SNISV= SN(1)/SV

SN2SV= SN(2)/5V
DEBUG WaSNISVaSN2SV, ((FMN{T4N) ¢yN=T47),1=1,7)

X(1el)=(FNN(1,41)+a2500%FNN(444)+SNISVE(,25D0x5NISVHFVV=FNV{1)}+.500
1=FNV (4 ) )=FNN{Ls4))GMI(1)

X(142)=(a295D0%FNN (494 ) +SNLISVE((—225D0%SMLISV+SNZSV )HFVV=,500%FNV(2)
1-5D0%FNV (3 )+ ,5D0%FNV (L)) =2.#5MN2SVE(FNVILT) —o5D0%FNV{4))+FNN{L1,2)+
ZENN(Ly3)=o5D0%FNN(14)=oS5D05FMNN{244)—o500%FNN({3,4) )56M0(2)

X{L1y3)=(o25D0%FMN{444)+SNLISVH(—,25D0*SNLISVHEFYV+.5D0O%FNY (3)~,500%
IFNVIS)+o5D0%FNVIL) )=FNM{142)=.5D0%F8R{1,4)+FRNN({L1y5 )+ 5D0%FNN(3,4) -
2.9D0%FNN{4,5))%=GM0O(5)

X{194)={a5D0%FNN{444)+SNISVR{ (SN2SV=o5N0%=SNLISV)#*FVV=,5D0%FNV(3)~
15DOHFNVI6)+FNV(1) ) =2 % SN2SVH(FNV{L1)—.5D0%FNV (4) ) +FNN(143)~FNN(1,4
ZY+HFENN{L136)=.0DO0OFANN(344)—a5D0%FNN(4,H) }=GMI{6)

X(145)=(o7T5D0%FNN (444 ) +SNLISVH( (= 75N0*SNISV+HSN2SV)HFVV=,5D0%FNV (3)
1+1.5D0%FNV(1)=.5D0*FNV{7))+SN2SV#{~2.%FNV (1) +FMV(4))+FIN({1,3)-1.5D
2O0FFNN{YL 4 )+FNN{L,7)=o5D0RFNN(3 44 ) =aSNORFNN{4,7))32GMO(T)

53
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Y{1)=~(FN(1)—o5D0FFN(4)~o5D0*SNLSV*FV+{(ETAD-ETA)*(~o25D0%FNN(4,4)~
1.25D0%SNLSV*#FNV (4 )+ 5D0%FNN(L1y4) ) =W 5D0%SNLISVEFVVHWR(FNV (1) —o5D0%
2FNV(4) ) +C* (o 5DO*SNISVHEFNVI3)=FNN{143)+.5D0%FNN(3,4)))

X(291)=(o25D0FFNN(4 44 )+SNLSVHF{ (-2.25D0%SNLISV+SN2SV)RFYV=-.5D0%FNV (2}
1-.5D0%FNV(3)+.5D0%FNV{1) ) +SN2S5VaE (=2 %FNV(1)+FNV{4) )+FNN(1,2)+
2FNN{133)—oS5DORFMNN{L 44 )= 5DO%FNN{244) o 5DOFFNN(344) ) %=GMO(1)

X{242Y=(FNN(242)+FNM(343)+.25N0%FNN{454)+{o5D0OFSNLSV=24%SM25V ) =#k2%
1FVV+(SN1SV=4 % SN2SV )= (FNV(2)+FNV(3)—,5D0%FNV (4} ) +2 s%FNN([2,43)~-
2FNN(2y4)=FNN(3,4))%GMO(2)

X{2¢3)=(=FNN(343)+,2500%FNN (4,4} +SNLSVE({(.25D0%SNISV-SN2SV )}=FVV-
1.5D0%FNV(4)+.5D0%FNV(2 )+ 5D0%FNV {5} )+SN2SVR( 2 5FRV(3) -2, %FNV(5)+
2FNV(4) )—FNN(243)—o5D0*FNN(234)+FNN(2 45 ) +FNN{345)-.5C0%FNN(44,5) )%
3GMO(5)

X{244)=(FNN(3,33)+o5D0%FNN(444)+ ( o5D0%FSNLISV—2 =5N2SV )3 [ SNISV=2 %
ISN2SV)HFVVY+SNLISYR (1 5D0%FNV(3)—FNV(4)+FNV(2)+.5D0FFNV{6) ) +SN2SVs#(—
24 JHFNV(3)+3 0 (FNV (4 ) =2 5 FNV(2) =2 2FNV(6) )+FNN(2 3 3)=FNN{2 44 )+FNN{2,46
3)=15D0%FNM{3 44 )+FNM(346)—o5DO%FNN(4,6) )=GMI{ 6)

X(245)=(FNN(3,43)+.75D0%FNM{444)+( 45D0FSNISV=2,%SN25V )% (1.500%5N1SV
1-2 ¢ ®SN2SV)*FVVHSNLISVH (24 FFNV (3 )~ 1. 5D0%FNV(4)+1.5D0%FNV (2 )+.500%
ZENVIT))+SN2SVE(—4 PNV I3 ) +4 o FNV(4) =2 o ¥FNV(2) -2 o %FNV(T7) ) +FRNN(2,3) -
31.5D0%FNN(24)+FNN(237)=2%FNN{334)=a5D0FNM (44, 7)+FNM(3,7) )5=6GMO(7)

Y(2)==(FN(2)+FN(3)—.5D0%FN{&4) +FVR( 45D0%ESNISV=2 ,%SN28V ) +Cx (-FNN{3,3
1)=(o5D0%SNLSV—2*%SNZ2SV)HEFNV(3)-FNN(243)+.5D0%FNN(344) )+ (ETAD-ETA)=
2(=e25D0RFNN{ 494 )+ { o 25D0%SMLISV=-SNZSV)=FNV(4)+ 500FFNN{2,4)+.50D0%
BENN(344) ) +WH( 45DORSNISY=2 4 #SNZ2SV ) =FVVHR=E(FNV(2)+FNV {3 ) -4 5D0%FNV (4)
41)

X{331)=(o25N0FFNN (494 )+SNLISV=(=425D0%SNLISVHRFVV4,5DORFNV(3) -4500%
LRNVAIS)+.5D0%FNV LY ) —FiN(143)—o5DORFMNIL 44 ) +FNN(14,5)+a5DOXFNN(3,4)—
2«5D0RFNN(4,5) ) *=GMO(1)

X{332)=(—-FNN(343)+.25D0%FNN(4,4)+SNLSM*=((,25D0%5N1SV-SN25V)=FVV-
1.5D0%FNV (4} +5D0%FNV(2)+5DORFENV(5) ) +SN2SYE (2 5%FNV (3 ) -2, %FNV (5} +
ZENVIS)Y)—FNM{2493)—o5D0ORFNN{2 34 )+FNN(235)+FNN{345)~.0D0ORFMN(4,5) )
3GM0O(2)

X(343)=(FNN{3,43)+.25D0%FNN(4,4)+FNM(5,5)+5N1SY*{.25D0%SNLSVEFVY -
IFNVI3)+FNV(5) = 5DO%FNV (4 ) ) +FNN{344) =2 %FNN(3,5)~FrN(4,5) )%=GMO(5)

X(334)=(=FNN{3,3)+.5N0%FNN{ &4 ) +SNLSVH(5D0% (SNISV-2,%SN2SV }IFVY
1= 5DOFNV(3)+a5DOFNV (6 ) =FNV(4)HFNV(5) ) +SN2SVR {2 #FNV(3)—2.%
ZENVIBI+FNV IS ) 1+ oS5D0FFNN(3 94 ) =FNN(445) = BD0RFNN{ 446 ) +FMN{5,6 )+
BFNN(345)—=FRN{346))*=GMU(6}

X{3,5)=(—=FNN{343)+.75D0%FNN(444)+SNLISV*{ [ .T5D0%SNISV-SN25V)*IVV-
LENV(3) =1 5D0%FNY{4)+15D0RFNV(5) +.500%FNV (7)) +5N2SV= {2 5FNV(3)-2,
2EFNVAIS)+FNV(4) ) +FNNI{3 44 ) +FNN(3435)—1.5D0%FNN(445) =, 500%5F IN(4,7) +
BFNN(547)=FNN({3,7))%GMO(T)

Y(3)==(=FN(3)~5D0%FN{4)+FN(5)+ .5DOXSNLSVHFV+CR (FNN(3,3)-.5D0%
ISNLSVHFENV(3)+5D0%FNM(3 44 ) ~FMN(345) )+ (ETAD-ETA )R- 2500%FNN(&44)+
2.25D0%SN1SVH#FNV(4) =, 500%FNM(3,4)+ ,50D0%FNN(4,5) )+WkbD0%SNLSVHFYV+
BWR{FNV(5)-FNV(3)—.5D0%FNV (41} 1))

X{431)=( 5D0ORFNN{L 34 ) +SNLISVR{ (—.5D0%SNLISV+SN2SY ) RFYV-,5D0%FNV (3 ) -
1e5D0FNV (6} +FNVIL) ) =2 4 #SN2SYH{FNV L) = 5DORENV (4 ) J+FNN(L1,3)-FMN{1,4
2)+FNN{L6) = 5D0FNN(3 44 )~ 5DOFFNN{4,6) )xGAU(L)

(& g2)=(FNN(3433)+.5D0%FNN(444)+(5NNESNLISV=2,%5N2SV )5 (SN1SV=2 0%
1SN2SV)IHFVVHSHNISV=(1 5D0%FHVI3)-FNV (4 )+FNV(2)+.5D0%FNV(6) }+SN25y=*
2{=4o%FNV{3)+3 = FNV(4) =24 %FENV(2)=2 %FNV6) ) +FENM{243)-FNM({2,4)+
IFNN(246)=1.5D0%FNN(344)+FRNNI3,6)=obDORFMN{4,6) )6GMO(2)

X{443)=(=FMNN{3,3)+.5D0xFNN (444 )+SNLISVH({45N0%SNLISV=-SN2SV)%FVV+
LFNV(5)+.5D0%FNV (3 )= 5DO%FNYV (4 )+ 5NOHFNV{6)—FNV(3)~,5D0%FNV (4) )+



ZSN2SVHE(24%FNV(3)=24%FNV(S5)+FNV(4) ) +.5D0%FMN(344)=FMNN(445)=.500%
BFNN( 446 )+FNN{S546)+FNN{345)=FNMN(346))%=GMO(5)
X(4o4)=(FNM{393)+FNN{4434)+FNN{H696 )+ (SN1SV-2,5SN2SV ) k325 FVV+2 0% (
1SHISY =2 . %#SN2SV )= {FNVI3)+FNVI6)—FNV(4) ) ~2.%FNN(344 )42 . %FNN(3,6)~2.
2%FNN(446))=GM0(6)
X{495)=(FNN(343)+1.5D0%FFNN(444)+(SNLSV=2,55M25V )% (1 .500%5N1SY=-2 %
1SN2SV)#FVV+SNLISVH#(1.5D0%FNV (6)=34#FNV(4)+2.5D0%FNV(3)}+FNV(T7) )+
2SN2SVH (=4 o #FNV(3)}+5.#FRV (4 ) =2 o5 FNV (A ) =2 5FNV(T7) ) =2 . 5D0%FNN(3,4) +
BFNN(396) =1 e SDOxFRNM( 496 )~FNN{& 3 7)+FNM( 643 T)+FNN(3,7) ) %6M0(7)
Y(4)==(FN(3)—FN{4)+FN(6)+FVZ(SNLISV=2.%SN2SV)+C3x{—FNM(343)—FNY (3 )=
LISNLSV=2 (#SN2SVI+FNN{3 34 )=FNN(346) )+ {ETAD-ETA) R (= STORFNN{ &4 )+
2a5D0%FNV(4) 3 (SN1SV=2 ., % SN2SV )+ ,S5D0FNN(3 44 )+ oSDORFNN(4406) ) +W |
3SNLSV=2 ,#SN2SV)*FVV+WH (FNV(3)=FNV(&4)+FNVIA&))})
X(541)=(eT5DOFAN(4 44 ) +SNLISVR( (= T75D0%SN1SV+SN2SV)=FVV=~,5D0%
LENV(3 )= 5D0OFNV{T7)+1.50D0%FMY (1)) +SM2SYa(~2,%FNV (1 )+FNV(4))+
ZENN(L33) =1 500%FRNN(L44)+FNN{L 7)Y —esDORFMN(3,4)=o5DO%FNN(4,7) )
3G6M0O(1)
X{542)=(rFNN{343)+.7500FFNN{444)+(.5D0%FSNLISV=2.SN2SV)Ix(1,500%
ISNLSV=2 5 SNZ2SV ) =FVV+SNLISY (2. 5FNV(3) =1 500%FNV (4 )+1 5N0%FNYV (2 )+
2e5DOFNV (7)) +SN2SVE( =4 EFNV3)+4 PNV (4) =2 (% FNV{T)=2,%FNV(2) )+
BENN(293)—1e9DORFMN{2 44 ) +FNM{247) =25 FNN{3434) = 5D0%FNN{4,7)+
GFENN(3,7))=6GMO(2)
X(543)=(—-FNN({343)+.75D0%FMM(444)+SMLSYE((.75D0%SNLSV-SN?SV)=RFVV+
11.5D0%FNV(S)—FAV2)=15D0%FNV (4 )+ o5D0%FNV (7)Y +SN285VE (2 oxFNV(3)=-2.
ZHRENVIS)+FNVI4) )+FNN(3 44 ) +FNN(3435) =1 a5N0%FNN (445 )=a5D0%FHN(447)+
SENNIS,y7)=FNN{3,7))%=GM0(5)
X(544)=(FNN(333)+1.5ND0RFNN{4 4 )+ (SNLSV=2,3SN2SV)%(1.50D0%SNLSV—=2 43
LSNZSVIHFEVVHSNLSVE(L J5DORFNV(H) =3 o #FMV(4)+2 ,ODORFRV (3 )+FNV 7))+
2SM2SVE( =4 ¥ FNV{3)+5  %FNV (4 ) =250 NV (A )=2%raV{T7))=2.50D0%FNM{3,4)+
BFNN{346)=15D0%FNN(4G46 ) =FMNM{4aT)+EVMN(G,TI+FNN(3,7))3GMO(6)
XK(545)=(FAN(333)1+2.29D0FNN( 434 ) +FMN{ T3 7)+(1a50D03SNISV=2,%SN2SY )%
1*2%FVV+ (3 43%SNLESV =4 =2SN2SV ) (FNV3)Y+FNY(T)—1«5DOFFNV (4) ) =3 .3
ZENNL3,4) =34 RFMN(4, T)+2#FNN(3,7) ) =GMO(T)
Y{5)==(FN(3)=1.5N0%FN{4)+FM{ 7)+FVHE(1.5D0%SNLSV=2 J=SN2SV ) +Cs (-
IFNN(343)=(1.5D0%SM]1ISV=2.%5M2SVI#FNV(3)}=FMNN(347)+1.50D0%MNN{%,4))+
ZUETAD-ETA)#={—a 7500% MM (444 )+( o TSN0ESNLISV=SN2SY ) *FNV (&) +.500%
BFNN{3 44 )+ DDORFNN (447 ) ) +WE{14BNN:SHISY =2 o SH2NV ) =FYV W FNV (7))
G+FNVI3)=1.5D0%FNY (4)))
DEBUG ( (X(I1J) 1J:1;5}9 I=195}
DEBUG (Y(I)sI=145)
RETURN
END
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$IBFTC LBINT
SUBPROGRAM FOR 4 PUINT INTERPOLATION

THIS SUBPROGRAM PERFORMS 4-=POINT INTERPOLATION BY THE METHOD OF
LAGRANGE. X AND Y ARE THE INDEPENDENT AND DEPEMDENT VARTABLFS,
RESPECTIVELY, IN A TABLE DF N ENTRIES. Z IS THE VALUE OF X DESIRED.
BINT IS THE INTERPOLATED VALUE OF Y.
FUNCTION BINT(XsYsZN)
DIMENSION X{(67):Y(6T)
Mi=1
M2=N
5 IF({M2-M1-1)7,7+6
6 MTEM=MI+INT(.5%{FLOAT(M2=M1)+.,0001))
IF(Z-X(MTEM)}8,41,9
8 M2=MTEM
GO TO 5
9 M1=MTEM™
GO 70 5
1 BINT=Y{MTEM}
RETURN
T IF(M1I-1)2,42,3
2 I=2
GO TO 4
3 TF(M2-N)11,10,10
10 I=N=-2
GO TO 4
11 I=M1
4 Ql=Z-X(I-1)
02=7=-X(1)
03=7~-X(1+1)
Q4=7~X{1+2)
N12=01*x02
034=03%04
P21=X(I1)—-X(I-1)
P32=X({T1+1)~X(1)
Pa2=X{1+2)=X(1)
P31=X(T+1)=-X{I-1)
Pal=xX(1+2)=-X{1-1)
Pa43=X{I1+2)=X(1+1)
BINT=Q34$(01*Y(I3/(P32*P42)—02*Yl1—1}/(P31*P41)}/921+012$(Q3#Y(]+2
L)/ (P&1#P42)=04%Y(I+1)/(P31%P32)) /P43
RETURN
END

sl aNeNele Nl
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$IBFTC LEXPC
SUBPRIIGRAM FOR ANTICIPATING AND FPREVENTING POSSIBLE UNDERFLOWS

[}

C
C THIS SUBPROGRAM SETS EXPONENTIALS EQUAL TO O IF THEIR ARGUMENT IS
C SMALLER THAN =72,
FUNCTION EXPC(A)}
2 TF(A+724)3 444
3 EXPC=0.
G TO 5
4 EXPC=EXP(A)
5 RETURN
END



$

OO O0

IBFTC LINV
SURPRDGRAM FDOR INVERTING A 5X5 MATRIX

THIS SUBPROGRAM INVERTS A MATRIX BY THE METHOD OF CROUT. THE ELEMENTS

ARE NOT REARRANGED, THE DIAGUMAL MAY HAVE NO ZERO ELEMENTS.
IS ASSUMED TO BE STORED IN REGION AA. THE INVERSE IS STORED
SQUARE SUBARRAY A(l,6) THROUGH A(5,10).

SUBRDUTINE INVERT(AA,A)

DOUBLE PRECISION A{5,11),AA(5,5),4SUM

MAG=5

BIG = 1.1

SMAL = 0.9

L1=MAG+1

L2=2%MAG

L3=L2+1

L4=MAG-1

C SAVE MATRIX AND AUGMENT MATRIX.

101 DO 1003 11=1,MAG

102 DU 1001 J1=L1,L3

1001 A(Il,41) = 0.0

103 DO 1002 J42=1,4AG
A{Il.J2)=AA(11,42)

1002 A(TI1,L3)=A(TI1,L3)+A(I1,42)
A(TL,L3)=A(I1,L3)+1.,0
J3=T1+MAG
A{T114d3)=1.0

1003 CONTINUE

C BEGIN FNRWARD SOLJTIOM.

201 DO 2001 J4=2,L3
2001 A(1l,J4)=A(14J4)/A(1,1)
LORA=2
2002 LOR1=LORA-1
LOR2=LORA+1
202 DO 2003 12=LORA.MAG
203 DO 2003 Kl=1,LO0R1
2003 A(I2,LORA)=A(T2,L0ORA)=A(IZ4K1)%A(K14LORA)
204 DO 2005 J5=L0R2,L3
SUM = 0.0
205 DO 2004 K2=1,L0R1
2004 SUM=SUM+A(LORA,K2)*A(K24J5)
2005 A(LODRA,J5)=(A(LORA,JI5)=SUM) ZA(LORA 4LORA)
1F(MAG-LORA) 999,401,999
999 LURA = LORA+1
GO TO 2002

C BEGIN BACK SOLUTIDN,

401 DO 4001 N2=1,L4
14=MAG-N2

402 DO 4001 J7=L1,L3

403 DO 4001 KSUM=1,N2
K3=L1-KSUM
ACT4,JT7)=A(T443JT)-A(T14,K3)HEA(K3,JT)
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4001 CONTINUFE
10000 RETURN
EMD
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APPENDIX C

CUTOFF OF H AND Hq PARTITION FUNCTIONS

If the energies of the excited electronic states of H and H2 were calculated considering
all neighboring particles, there would probably be a finite number of bound states; there-
fore, no difficulty would arise in evaluating the partition functions. Unfortunately, no
rational experimentally verified method has been developed for calculating these perturbed
energy levels for conditions in this report, and in most cases the perturbations caused by
the neighboring free particles are small (ref. 10). Consequently, it is customary to use
the unperturbed energy levels (or term values) and to cutoff the series in the partition
function at some reasonable energy level to prevent the series from diverging to infinity.

Cox (ref. 35) has pointed out that for high degrees of ionization the perturbation of the
energy levels is due principally to coulomb forces, so that one method of cutoff should be
used, whereas for low degrees of ionization the perturbation of the energy levels is due
principally to neutral particles, so that another method of cutoff should be used. In this
report the two methods used were the Debye-Hiickel cutoff and a modification of the Bethe
cutoff (ref. 36). The versions of these two cutoffs used herein are discussed in the fol-
lowing paragraphs.

In the Debye-Huckel cutoff (ref. 10) states are not counted in the partition function if
their unperturbed ionization energy is less than the absolute value of the lowering of the
ionization potential AI, which is given by (ref. 34)

5 5 \1/2
ar=_2¢" (¢ ¥ .2\, (C1)
dmhce \e kT i ol

Here the summation is over all species.

For hydrogen atoms, strict adherence to this cutoff results in large discontinuities
in the partition function as the charged-particle density is varied at high temperatures.
This can cause serious difficulties in numerical methods for finding equilibrium and is
physically unrealistic because states near the cutoff are greatly broadened. A more
realistic approach is to cut off each state gradually. In this report this gradual cutoff is
accomplished by essentially the same method used by Krascella (ref. 1). Let Fn be the
fraction of the contribution of the unperturbed state to the divergent partition function to
be counted in the cutoff partition function. Then
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+
H‘z 21n+1 A
Al
F, = el | e
I-T 2
In-AI>0
> (C2)
L AI <0
Al
Fn In 1 and
n-l_In 2 +In
AT - <0

¥, 0 (AI-I“_‘I:.E::O)
2

where I 4, L, and L .1 are all for the same Rydberg series. (If the n - 1 state did
not exist, a weighted average of the I, for Rydberg series that did exist was used.)
To summarize equation (C2) (1) if AI was less than (% +1 +1)/ 2, there was no cutoff;
(2) f AI equaled I, the state was half cut off; (3) if AI was greater than (In-l + %)/2
the state was completely cut off; and (4) for intermediate values of AI, the cutoff was
linear in AL

In the original Bethe cutoff (ref. 36), all states were cut off whose highly excited
electron had a radius a, greater than half the average distance between neighboring
molecules. This half distance r o Was taken as the radius of a sphere whose volume was
equal to the gas volume per molecule. The radius a, Wwas given by

-

a_ =an (C3)

This cutoff was used by Olsen (ref. 37). A modified Bethe cutoff with the cutoff accom-
plished gradually in a manner linear in n was used by Bond (ref 38) and Pike (ref. 39).

Equation (C3) is realistic for H atoms. However, for H2, a more realistic approxi-
mation was made. For Rydberg atomic orbitals of an atom
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i +2 y
a, ao(n ) _aOT (C4)

(ref. 40) where I should be the average value for the singlet and triplet states if a 28

core is present. Equatmn (C4) is alsg valid for diatomic molecules (such as H2) with a
22 core (ref. 40) and was used for Hz in this report. For a hydrogen plasma the half

distance r, is

1/3
—_— 3. - N (C5)
417(N1 +Ng + Ny + Ng + Ng + N7)

L]
Il

The equations for F for the modified Bethe cutoff were obtained by replacing ITl A
1/2, 12 1/2 1/ -1

I, .q, and AI in equatmn (C2) by -a, % -a i, and -r /%, respectively.
Thus, for Hatoms F_ was the same as in the Bond modification (ref. 38) to the Bethe
cutoff.

In computing q4 and q;l, F, was calculated for each state by both the Debye-Hiickel
cutoff and the modified Bethe cutoff, and the smaller value was used. Hence, for low
degrees of ionization the Bethe cutoff was always effective. At high degrees of ionization

the method of cutoff depended on the conditions, and no general statement can be made.
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APPENDIX D

METHODS OF OBTAINING CONSTANTS OF EXCITED ELECTRONIC STATES H;

For all excited Rydberg states H;, Hund's coupling case (b) (refs. 17 and 20) was
assumed to hold. For each Rydberg state, a Morse potential (ref. 17) was used as a
model to calculate the partition function. The formula for a Morse potential is

~ -pr-r )]
U(r) =T +D|1 - e (D1)
The vibrational term values TV + G, (see fig. 8) of Morse oscillator are (ref. 17, p. 101)
- 1/2 2 2
T +G =T+ Dh v+1 <. DB v+l (D2)
v 2 2 2 2
2r7cp 8r%c

measured from the rotationless ground vibrational state of H,. It

1/2
= (-2 (D3)
21r2c u
equation (D2) becomes
- 2 2
T++GV:T+w(v+-1-)—E—~ v+1 (D4)
2 4D 2

For electronic states with no hump in their potentials (see lower H; potential in
fig. 8) and known vibrational term values, the appropriate method of fitting the Morse
potential to the actual potential has been given in reference 18. It includes making W
for the Morse potential the same as the actual W, where W for these states is the
energy difference between the dissociation asymptote and the rotationless ground vibra-
tional level of the state (see fig. 8). From equation (D4)

W+2 s VWW + w)

P @ (D5)
2

The constant w was determined by fitting the excited vibrational energy levels (ref. 18).

63




In general, D for the Morse potential was not the same as the actual well depth, and to
determine it a knowledge of the actual dissociation asymptote was, of course, reqliired.

As shown in figure 8, the potential curves of some excited electronic states I:I2
possess a hump, which presented a problem because the Morse potential has no hump.
However, the principal effect of the decrease in the potential energy to the right of the
hump is to broaden those bound energy levels lying above the dissociation asymptote but
not shift them much. Hence, a good approximation was to set W for the Morse potential
equal to the energy difference between the top of the hump and the rotationless ground
vibrational state (see upper H; potential in fig. 8). The Morse well depth is then given by
equation (D5). A knowledge of the actual dissociation asymptote and the hump height H
(if any) are required to find W and D.

For all excited electronic states of H2 in this report, the dissociation products are
the atoms H(1) and H(n), where the quantity in parentheses is the principal quantum
number. The energy of the dissociation asymptote is thus determined by the value of n.
The state H(n) was determined for each electronic state of H2 by the correlation rules
(ref. 17) also known as noncrossing rules. (Note that fig. 157 of ref. 17 does not apply
to H, despite the label H, on it.) The values of n in H(n) are tabulated in table II
(pp. 76 and 77).

Some of the hump heights of H2 were obtamed from the literature, whereas others
had to be predicted. Six electronic states H2 have been reported (refs. 15, 41, and 42)
to possess humps, and the heights have been given. Of these, five have promoted molec-
ular orbitals (MO). The sixth has a much smaller hump than the other five. On the
other hand, two states with promoted molecular orbitals but no humps have been reported
(ref. 41). Unfortunately, there are many electronic states H; for which there are no
reports on the presence or absence of humps. For these it was assumed that there was
no hump if there was no promoted MO. For states with promoted molecular orbitals,
an approximation was made. The ratios H/6 (fig. 9) were calculated for the seven elec-
tronic states with promoted molecular orbitals for which values of H were available
(including the two states with H = 0). An average of the ratios was then calculated by
using the electronic statistical weights g e 28 weighting factors. This average had the
value 0. 15036. It was assumed that all other states with promoted molecular orbitals
had H/6 = 0.15036. Values of H are tabulated in table II. .

It was necessary to have Morse potentials for every Rydberg state Hz with n of the
excited electron of the molecule having values from 2 to 17. A different Morse potential
was used for each electronic state with n from 2 to 4, and experimental term values
were used when available in determining the Morse potential. For large n all states
H; have potentials nearly the same as HE, and for n greater than 4 there is little exper-
imental information. Hence, for electronic states with n from 5 to 17, the same Morse
potential was used for all states with a given value of n. The constants for Morse
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potentials with n from 5 to 17 were estimated from the constants for H; and the averages
of the constants for the n = 3 states. (Constants for many of the n = 4 states were
unreliable or had to be estimated.) The most used methods of determining or estimating
Morse constants for n = 2 to 17 are given below. Less used methods are described in
footnotes in table II.

Morse potentials were most easily fit to states for which the rotationless ground
vibrational term value, one or more excited pure (rotationless) vibrational term values,
and several rotational term values were available. Setting v and G, equal to 0 in
equation (D4) gives

e 2
e B adige® (D6)
2 16D
Substituting equation (D6) into equation (D4)
w2
G, = wv - — v(v + 1) (D7)
4D

Equation (D5) may be substituted into equation (D7) to get Gv in terms of w, v, and W.
In accordance with reference 18, w was then varied to minimize the sum of the squares
of the deviations of the calculated quantities Gv from the experimental quantities Gv'
The well depth D was then found from equation (D5), and 8 was found from equation (D3).
The last step was to find r 42 To do this, the Morse potential was expanded in powers of
(r - re)/re so the rotational term values f(v,k) for each vibrational level could be
expressed by Dunham's formulae (ref. 43). The equilibrium internuclear distance Py
was then varied to minimize the sum of the squares of the deviations of the calculated
guantities f from the experimental quantities f£.

A more difficult problem was presented by electronic states for which no rotationless
ground vibrational term values were known, but for which a number of vibration-rotation
term values T¥ + GV +f were known for more than one value of v. An expression was
derived from equation (D2) and Dunham's formulae which gave vibration-rotation term
values in terms of the energy of the dissociation asymptote, the hump height, D, 3, To
v, and K. The quantities D, B, and r, were then simultaneously varied to minimize
the sum of the squares of the deviations of the calculated term values from the experi-
mental term values, using weighting factors. To be as nearly consistent with refer-
ence 18 as possible, each vibrational level for which any term values were available was
given the same weight.

For some n =4 states there was only one vibrational term value or none at all
available. For such cases there is no good way to estimate g or w. However, fair
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estimates were obtained by interpolation of B along a Rydberg series with H; as its limit.
The mterpolatmn was accomplished linearly between n =3 and n=< (i.e., Hj) in the

- l/n plane. When no n = 3 state of the Rydberg series existed, g(n = 3) was taken
as the average for all n = 3 states, using g, asa weighting factor. In most cases, w
was then found from equation (D3).

For all states with n =5 to 17, all Morse constants were estimated. First, the
average Ie (fig. 8) for all n = 3 states was calculated, using the g, as weighting
factors. From this value the average quantum defect (ref. 40) was calculated. It was
then assumed that the average quantum defect was independent of n (which is not strictly
correct because the quantum defect would be expected to be independent of n only for
large n along a Rydberg series). Thus, average values of Ie and, hence, T were cal-
culated for n =5 to 17. An average value of B was found for each value of n by inter-
polation, as described in the preceding paragraph. For each n, an average value of D
was found from the average T, the vitrious dissociation asymptotes, and the various
hump heights, using the e of the Hy states as weighting factors.

For some n =4 states and all states with n = 5 to 17, it was necessary to estimate

r,. Herzberg (ref. 17, p. 456) gives the empirical relation

r2w = Constant (D8)

for electronic states of the same molecule. The extension of equation (D8) to the molec-

ular ion resulting from removing an electron from that molecule is obvious. Many of the
*

values of r s for H2 are unreliable, so for this report equation (D8) was used in the form

(rgw)H,zk = (rgw)H;]_ (D9)

to estimate r % for various electronic states H;, where ¥s and w for HE were obtained
from the results of Wind (refs. 21 and 44).

All values of D, 3, r o’ and T are tabulated in table II (p. 76). In addition to D,
B, r ., and T equations (17) and (18) also require values of the fundamental frequency of

vibratlon w' (fig. 8). From equation (D4)

W' = w(l = _‘9.,) (D10)
2D

*
This completes the determination of the constants of Rydberg states of H,.
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APPENDIX E

SOURCES OF EXPERIMENTAL ENERGY LEVELS OF EXCITED ELECTRONIC
STATES OF Hy AND CORRECTIONS TO THEM

The energy levels (or term values) of states of H; have been determined from spec-
troscopic observations by a large number of investigators, but much of the early work is
inaccurate. Spindler (ref. 14) took statistically weighted averages of all experimentally
determined spectroscopic constants for the 1sc2po lE, 1so3po IE, 1so2pm 11'[, and
1so3pm 11'[ states, and his values were used for vibrational term value differences (no
rotation) and for equilibrium internuclear distance Ty for these four states (see table I
(p. 75)). For all states it is necessary to know the absolute value of at least one term
value in addition to the term value differences. The absolute values are usually mea-
sured from the rotationless ground vibrational state of Hé An absolute term value for
each of the four previously mentioned states was taken from the latest measurements
(refs. 22, 45, and 46) (see table I). For other states all experimental data were taken
only from the latest measurements (refs. 33, 47, and 48).

Although for many states Dieke (ref. 33) had the most reliable term value differ-
ences, some corrections to his absolute term values were necessary because he relied
on old, far ultraviolet measurements for the absolute term values of excited singlet
states and found the relative position of excited singlet states and triplet states by extrap-
olation to the limits of Rydberg series. However, visible, infrared, or near ultraviolet
line positions were accurately measured by Dieke to determine the term values of all
excited singlet states relative to each other and of all triplet states relative to each other.
Consequently, Dieke's term values are accurate to within an additive constant for excited
singlets and to within a different additive constant for triplets.

Field, Somerville, and Dressler (ref. 49) have examined the latest far ultraviolet
measurements on singlet states (refs. 22, 45, 48, 50, and 51) and concluded that 700
meters” . should be added to Dieke's term values for excited singlets, which was done in
this report (see table I).

Determination of the correction to Dieke's term values for triplet states was more
complicated because there are no spectral lines connecting singlet and triplet states.
Kolos (ref. 52) states that Professor R. S. Mulliken believed a correction was necessary,
and Kolos determined the correction by calculations from first principles. In this
report reliance was put more on experimental observations, although Wind's very
reliable H*z' term values and dissociation energy (ref. 21) based on calculations from
first principles had to be used also. The derivation follows that of Beutler and Jiinger
(ref. 53) with two exceptions (1) the energies of all H and Hg states are assumed {o be
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known exactly relative to the rotationless ground vibrational state of H% by means of the
dissociation energy of H% (table III, p. 78), the term values and ionization potential of H
(ref. 54), and the term values and dissociation energy of Hg (ref. 21); and (2) the relative
positions of all triplet levels are known as a result of infrared measurements (refs. 33
and 55).

Observations (refs. 56 and 57) of the lines of three electronic transitions were used
to draw the following conclusions:

(1) From the transition 1so3pn 30 - 1so2s0 3% it was concluded that 1so3pn 3
(v =3, K =3, para) does not predissociate into H(1) + H(2), where the numbers in paren-
theses following each H are principal quantum numbers.

(2) From the same transition it was concluded that 1so3p7 31'1 (v=3, K=4, ortho)
does predissociate into H(1) + H(2).

(3) From the transition 1so3pz 3H - 1s02s0 32 it was concluded that 1so3pn
(v =17, K =2, para) preionizes to HE (v=0,K=0)+e".

(4) From the same transition it was concluded that 1so3pr °II (v = 6, K = 3, ortho)
does not preionize to HE (v=0,K=1)+e".

(5) From the transition 1so3sc 9% = I1so2pn 311 it was concluded that 1s03s0 3%

(v =3, K =1, ortho) does not predissociate to H(1) + H(2).

(6) From the same transition it was concluded that 1so3so 3 (v =3, K=2, ortho)
does predissociate to H(1) + H(2).

(7) From the transition 1so4ds 8y = 1sa2pw 3 it was concluded that
1s04ds 3a (v=3, K =4, para) does not preionize to H§ (v=0,K=2)+e".

(8) From the same transition it was concluded that 1so4ds °A (v =3, K =5, ortho)
does preionize to Hg (v=0,K=3)+e".

Let d be the correction to be added to Dieke's triplet term values (ref. 33). Then,
from Dieke's term values, supplemented where necessary by term differences from
reference 56 or estimates of term differences from reference 53, and from
conclusions (1) to (8) it follows that

30

11 850 900 + d < 11 837 270 m™ 1 (E1)
11 870 940 + d > 11 837 270 m™ 1 (E2)
12 514 840 + d > 12 441 300 m™ (E3)
12 374 420 + d < 12 447 120 m™ 1 (E4)
11 851 770 + d < 11 837 270 m™ 1 (E5)
11 862 270 +d > 11 837 270 m™ (E6)
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1

12 481 360 + d < 12 458 720 m~ (E7)
12 516 970 +d > 12 476 010 m~ (E8)

respectively. From equations (E1) to (E8)
d = -23 8201180 m™! (E9)

Hence, 23 820 meter'1 was subtracted from each of Dieke's triplet term values (see

table I, p. 75). This puts 1so2pnw 31] within 760 rneter':l of the term values relative to
HE calculated by Beutler and Jiinger (ref. 53) and within 1460 meter™! of the term values
relative to Hg calculated by Richardson (ref. 56). Beutler and Jiinger and also Richardson
had available less complete, less accurate data and calculations from first principles

than were available for the present study.
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TABLE I. - REFERENCES FOR EXPERIMENTAL TERM VALUES OF EXCITED

ELECTRONIC STATES H; AND CORRECTIONS TO THEM

Excited electronic
state
Term Small-
symbol | internuclear-
distance
designation
1
= 1so2s0
1s03so
1
z 1s02po
1s03po
1so4po
1
n 1so2prw
lso3pw
lsodpn
12 1so3do
1so4do
1
n 1s03dn
1so4dn
1
A 1s03dd
1s04db
32 1so2s0
1s03s0
32 1s03po
1sodpo
3 n lso2pw
1so3pn
1sodpwm
3}: 1solddo
lsoddo
3l'I 1so3dn
1so4dn
3
A 1s03d6
1sc4dd

3Measured from rotationless ground vibrational state (lsclsc 12) of Hz‘

Reference for
vibrational
term value
differences
(no rotation)

33
33

14
14
47

€14
€14
C48

33
(d)

(c)
(c)

(c)
(c)
33
33

33
33

(c)
(c)
(c)

33
33

(c)
(c)

(c)
(c)

Reference for

Reference for

Amount added

vibration- absolute to absolute
rotation term term values
term value values? obtained
differences from reference
or r, in preceding
column,
m-
33 33 700
33 33 700
14 22 0
14 45 0
a7 47 0
14 46 0
14 45 0
47 48 0
33 33 T00
33 33 700
33 33 700
33 a3 700
33 33 700
33 33 700
33 33 -23 820
33 a3 -23 820
a3 33 -23 B20
33 33 -23 820
a3 33 -23 820
33 33 -23 B20
33 33 -23 820
33 33 -23 820
33 33 -23 820
33 33 -23 820
33 33 -23 820
a3 33 -23 820
33 33 -23 820

bSee appendix E for explanation.
Cyirtual levels.

d

Not given.
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TABLE II. - CONSTANTS AND SUBSCRIPTS OF EXCITED ELECTRONIC STATES H;

. _
Excited electronic Elec- | Principall Hump Well Morse Equilibrium Energy Subscripts
state tronic | quantum | height, depth, parameter, internuclear relative to in
Term Small- degen-| number H, D, .6_,1 distance, electronic | computer
symbol | internuclear- eracy, n_:f m " Ter ground program
Al tEiE - ::;:d m s%a.te,
-
designation !
len jated m-1
atom®
2 1sa2sa 1 2 o | 2.0301x10%| 1.4520x10'°| 1.0334x107'0 | 9 79815x10% | 2,1
1s03s0 1 3 Po | 21821 1.3907 1.1181 11.17846 3,1
1sodso 1 3 80 170 | 1.6923 d1.3448 €1.1290 f11. 74843 41
1y 1s02po 1 2 80 | 2.8848x10% | 0.6948x10'0| 1.200m10°10 | g g5248x10% | 2,2
1sa3pe 1 2 by . 8796 1.7070 1.1270 10. 95767 3,2
1804po 1 3 g0 170 | 1.8591 1.8750 1111 11.58169 42
n 1s02pr 2 2 | M10550 | 2.0653x10% | 1.5493x1010| 1 0316410710 [ 9 7825m108| 2,3
1503p7 2 3 by | 2.1907 1.3895 1. 0440 11. 16987 3,3
1scdpr 2 4 o | 2.2240 1.3451 1. 0555 1166884 4,3
1z 1s03do 1 2 [Paar 970 | 1.0272%10% | 2.2770x101° | J1. 0740x10710 | 11. 05203108 | 2,4
1s0ddo 1 3 €80 170 | 1.8310 dy 5551 1. 4205 11. 60980 3,4
g 1s03dn 2 2 [P241070 | 1.0053x10% | 2.2658x10'% | 1.1630x10710 [ 11 07304310 [ 2,5
1soddn 2 3 €80 170 | 1.7965 1. 4662 1.3972 11, 64430 3,5
N 180345 2 3 by | 2.2368x108 | 1.3204x10'0| 0.0016x10710 | 11.12376x10% | 2,6
1504ds 2 4 Ky ) 2.24m 4y 3281 . 8959 11.65069 3,6
¢ 6| 1 0| ® -10 |m 6
1y S § 4 80 170 | 1.8416x108 | !1.2068x10"® | 1. 080gx10 11. 59920%10 2,7
I 1sodfn 2 3 I3 600 |11.7686x108 | 11.6348x1010 | 11, 0583x10710 | !11 gese0x108| 2,8
1, 150466 2 3 Cgp 170 | 1.8327x10% | 11. 2068100 | ©1, 0821510710 {™13 gos10x108| 2,90
1, 1sodf g 2 4 Ko | 2.2151x10% | 11, 4068x1010 | ©1. 0253x10710 |™11 g1865x10® | 2, 10
> 1s02s0 3 2 5o | 2.4716x10% | 1.4844x1010| 0.9955x10710 | 9 3es66x10%| 2,11
1s03s0 3 3 by | 2.3004 1.3641 1.0613 11. 06023 3,11
1so4so 3 3 €80 170 | 1.8086 4 3385 ©1.1132 T11.63219 4,11
3z 1s03pc 3 2 by | 1.2057x108 [ 1.8309x101| 1.0869x10710 | 10.54161x10%( 2,12
Lsodpo 3 2 €309 210 | 7202 2.6694 1. 0654 11. 42631 3,12
3n 1s02pn 6 2 Py | 2.4785x10% | 1.3297x10'0 | 1.0499x10°10 | g.35873%10°% | 2,13
1s03pr 6 3 by 2.3161 1.3407 1.0667 11. 04446 3,13
1scdpr 6 3 €80 170 | 1.8545 1.6084 1. 0603 11.58621 4,13

3gxcited electronic states of H, in this table dissociate to one ground state H¥ atom and one excited H' atom.

PRet. 41.

CCalculated assuming H/6 = 0. 15036.

ﬂI.rlt(ﬂu‘po]a!:ed between n=3 and H

SAssumed value of wry

fRet. 58.
ERef. 50.
hRet. 15,

+

same as for HE

iEnergy levels, hump height, and re from ref. 42,

2 along Rydberg series.

jlrregular term values; thus, r, determined by method on p. 112 of ref. 56.
Ry ssumed value of 0 because of unpromoted MO,
linterpolated between n =3 (average for all states) and H;
MEstimated.

PRef, 60.




TABLE II. - Concluded. CONSTANTS AND SUBSCRIPTS OF EXCITED ELECTRONIC STATES H;

Excited electronic
state
Term Small-
symbol | internuclear-
distance
designation
33 lsoddo
1scddo
31'[ 1sod3dy
1soddr
3a 1503d6
1soc4dd
33 1sodfo
3n 1sod4fn
3A JELE
36 1sodfy
Various 1s05
iso6
18a7
1s08
1509
Various 1scl0
1soll
isg12
1sgl3
isold
Various 1s015
1sol6
18017
PRef. 41,

Elec-
tronic
degen-
eracy,
e

100
144
196
256
324

400
484
576
676
784

900
1024
1156

Principal
guantum
number n
of excited
dissoc-
iated
a(oma
2
3

2

3
4

Jto b
4toB
4to 7
5to 8
Btod

10
11

6 to
Tto
Bto 12
9to 13
9to 14

10 to
11 to
il to

€Calculated assuming H/5 = 0. 15036,

€Assumed value of wl'g same as for H;,

Hump
height,
H

]
m-}

b330 700
€80 170

D330 700
€80 170

Various

Various

Various

-

e

ey

[

.2430x10
. 2575

. 8037<10

.25651+10

St SR

.2291+10
.2319
.2343

Well
depth,
D

w1

. 1139x10%
. 8156

. 1000x10%
.8129

6

6

6

. 8327+108
.2752<108

. 0408x10°

1083
1482
1710
1878

.2005x10°

2081
2159

L2214
L2258

6

Morse
parameter,

3,

m-1

. 9680x100
1, 4693

[y

1220x10'°0
1.5022

o

10

-

.3103%10
. 3086

[

1. 4068x1010

1. 40681010

1. 4068x1010

. 4068%100

.3556% 1010

1, 3406
. 3352
3330
.3319

.3314x1010

15

1.3311
1.3309
1.3308
1. 3307

71.3307<10%0

1, 3307
13307

]Irregular term values, thus, R“3 determined by method on p. 112 of ref. 56.

I1:Ass-.n'net:l value of 0 because of unpromoted MO.

'{Interpolated between n = 3 (average for all states) and HZ'

Mpstimated.

NRetf, 60,

Equilibrium
internuclear
distance,
T
m

. 4461x10-10
.9298

e

-10

=

. 1466x10
. 1675

-

0.9937x10" 10

. 8348

. 0866x10710

. 0276x10" 10

.0821-10"10

. 0253x10" 10

.0732-10710

L0703
. 0676
. 0657
. 0641

.0628~10"10

L0617
. 0610
. 0605
. 0600

.0595+10" 10

. 0582
. 0589

Energy Subscripts
relative to in
electronic computer

ground program

state,
T’
e |
11.05411x10% | 2,14
11. 62514 3,14
11.06801x108 | 2. 15
11. 62789 3,15
11.11759x10% | 2, 18
11.63629 3,16
"11.63704x10° | 2,17
11, 63865<10° 2,18
™11, 60804<10% | 2,19
myg g1ge9x10% | 2,20
11.87246~10% | 2, 21
12. 01307 3,21
12. 09721 4,21
12. 15153 5, 21
12. 18862 6,21
12.21506~108 2,22
12. 23457 3,22
12. 24938 4,22
12. 26088 5,22
12.27000 8,22
12.27734%10% | 2,23
12. 28335 3,23
12. 28832 4,23

11
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TABLE III, - DISSOCIATION, PHOTODETACHMENT,

AND IONIZATION ENERGIES

Reaction®

H} (1so1s0 'z) ~ 20
H} (1s0 2z) - ut 4wt
uj ('a)) - 2nt 4wt
H - H +e”

Hi-H++e_

Energy absorbed
in rcaction,b

wﬁ = 3.61136x10°

Wg = 2. 13794x10°

W, = 2707x10%

I = 6.2187x10°

I{ = 1.096788x10"

Reference

46,61
21
13
62
54

Anlolecules and molecular ions are assumed to be in

their rotationless ground vibrational states.

DAl values given are differences in term values
(energy/he) of reactants and products; hence,

units are m"~



i "08LFIEH 8¢
i "BRTSHER Le
FOSHSTR 9g
. ‘FOGZELE | "EEDLEOF 14
: ‘1800598 ' "$0ZF16E _ FE
‘O96LLEE  TBEGEEGE  TBEBUELE 113
‘ZIT6LTIE  "O0EETFE  T£6GGA0E [44
‘0908882 "6EFGLOE EPIZ0EE  '0TBOTEE 1€
‘LESOFLE  'GBGGO6Z  COBTLLIE  CGEZEHEE 0§
LITPTRE CESEPDZ  '600TSHE  "OT6BFOE  "ET16EFEE 62
'PBYEEEE  'T6EOWSE BLGCELE ETBLIGE  "6TEOOTE 8g
'FESTE0Z  GOPEFZE  COLEZEFE  6F60T9Z  CLPEPBLE  '6LBOGEZ L2
'0STRSET  CLOTLFTE '6EB02EE  "DEZLOBYE '¥688F9C '96BE0EZ 9z
‘0ZE0B9T  COOTSLBT  CPLESROE  CTGEO0EE  CEOPODEE  COEBTIGE  GRLEDIT 58
"LBTPTOT  "PTE98LT  CLEZERET GELBBOEZ 'ETUZEET  CBLGELET  ELLPTSE ¥e
‘LEB6GET  'GUPSEST  'TPOE6IT  'GGGGEBT  'GBEILET  "BGYE0TE 'OOGPECE 6629983 £8
FROTOET  CPEGLSHT  CLEBO6ST  CLGEOELT  CTLBIGET  CBEOFPLET  "G0RSE0E  THEILIEE (44
‘EEEOLOT  COZZPERT  COEGELET  COBEBGFT  CSOTATIT  COBOTELT  CGOTEFFBT  CT96SG6T TELEGR0T 12
‘gGA080T  "OBETI9TT  "OBLPEET  GPGBGET  "ELSO0GT  CSTIETITAT  CPOSHFTILT  CELELIBT  CTGLIZ6T 08
‘156196 ‘OSEPROT  CO6ES6TT  POBLEEZT  CTBBGEET  COBETGRT  'OTSGEGT  "ZEGELIT  "TGRGLLT 61
‘E00ELL  TELBLER 'PECO00T  CEGLPOTT  CBEOLGTT  CIZOGHET  PEOELET  TBOLSFT  ALEEPST  TGTEOEOT a1
‘LOPEEL  CELLOER ‘GOE9E6 "GEGSTOT  T9BS960T  CIREOLIT  CTRERSET  CPESIEET  "E2RI60RFT  CGOREEFI LT
‘TORGES  09LLE9  CBGLIGL "G0RGEY ‘6LPETE "LBOLBE BOEB90T  CBEEBEIT  CEBGLOET  ZOFLLET  CREBEFEL 91
OLLSTS  CLOS0T9  FE616D "geeeol "LLESES ‘NE1668 "69E8296 ‘FOOFTOT  "66E980T T12LBPIT  "EROTICI a1
‘FOCTLE  CEREILF  'BEATGS  CTTTEES ‘EET989 BE09FL ‘908808 "LB68SEe ‘0Z6ET16 ‘915896 FROEE0T  TTFF080T ¥I
'P192FPE  OTEPEF GLGC6F  T200ESS ‘9gE809 188099 "BEI0TL ‘FRLESL "BELI08 'BEGEEE ‘PEHEOG ‘FELEGE g1
'90880¢ 'BIEOLE 'GO6ESE  TGBEGE ‘EELTES ‘06ELLE ‘BEE0CY "182899 "99980L ‘2905 L LA ‘PEI0ES (48
‘gh080% "TZL2LE  'E6EBEE  'OBGHLE  T99BETV "L166SF ‘018L6% ‘ELEFES *LBGBIS ‘108509 "8690%9 "0LE9LI ‘00GETL 11
‘GZE0BT  CTPBGEE  C00E£T8E  COTITEE  C9G0LSE  C9BR06E  CLLTEEP  CGTLESP  CGLOZBY  C0622T1¢  LGOERG  CE8ZELS  'GEEE09 01
‘EETGCT  COFE66T TOTGGEE  EBEEOE  T609L6E ‘G10GTE "6LOTSE ‘BogaLe "16800F "G1242F "18LEFF LALV LY "EBE00G ]
‘HGGGE  HTGEET  CLPBEOT  CTIBGE6T  COPLRIE  COSIERE elLibse ‘880482 "E0ES0E ‘B11492¢E "E0LYRE ‘60GH9E ‘GRITHE "GP ESOF ]
‘BO9TL  CBTIFPOT  CORLOET  CGOTEST  C980ELT  TPSEI6I ‘PrEBOT "LBOVET ‘LFSO0RE ‘050952 "BEETLE ‘POROEE ‘0B920E "BGENTE L
‘1699¢ E2L08 ‘812007  CPO8OTT  CEOBIET  TBBELERI ‘088851 ‘08S0LT ‘T0%E8T "OBTRET 989508 POPLIG ‘BLE6ET ‘0091RE 9
‘0FEEF LETBG ‘LI6EL ‘0ELY8 "LIESH ‘680501 BEERTL ‘£90881 "TS91ET TLLOORT "FHERFT "GTLOST "668S9T PEOFLT g
‘00SFT 06062  'BTE0R R "96TLS ‘BLEFD “LSLOL GLegL ‘08L28 ‘noges "E91F6 ‘tF966 "BBES0T "LEOTIT “EEBITT hid
‘66F6  BLBLT 'BEFPE  OL66Z  EB9PE  C0T68E  CT09ER "LOROP 60006 9GREs 18808 ' CTLI09 FOGED "680L9 "1850L £
‘P66F FIT6 "GOg8ET "§TIST BOFLT ‘BLEGT "LZGTE ‘£98Ee "9E1SE 60898 ‘£868e "£LE0e EA1i18Y ‘ELOEE "EGFEE 4
‘LELT ‘6LOS 4184 ‘8908 ‘G¥ES A ‘1124 ‘TZBL ETHE '8B68 ‘G966 TT101 "BLIOT ATARN RGBT 1
0 ‘0- o1 0 0= o 0 0- 0 ] 0= 0= 0 0 ‘0 4]
Toor
_.E ‘] ‘an[ea W.II) [EUOTIEIOY fraquuny
wnuenb
s 11! 41 11 01 6 8 L 9 4 4 g g 1 0 wrnjua
-omr Jemn3
A Czaqunu winjuenb [BUOTIBIQIA -uE [0,

%y J0 AHH D5TOST) ALV.LS DINOULDATH ANNOYD JO SANTVA WHIL TYNOILYLOY - “AT AT6VL

79



TABLE V. - NUMBER DENSITIES OF SPECIES IN HYDROGEN PLASMAa’b

(a} Pressure, 1, 01325x10° N/m2 (1 atm)

Temper- Ht H; | gt " e l H H; { H; u*
ature, 2 .-
L& 3
T CNumber density, Ni‘ m
K
300 2.447E 25| 0. 1.030E-10] o. 0. Ds 0. 0. 0.
400 1.835E 25| 0. 2.449E-0L| 0. 0. 3. a1 0. 0.
500 l.468E 25| 0. 1.021E 0%| 0. 0. Ja 2% 0. 0.
600 1.223E 25| 0. 5.640€ ud| 0. 0. s 0. Q. 0.
700 1.049E 25| 0. 2.646E 11| 0. 0. 0. a. Q. 0.
a0o 9.175E 24| O. 2.652E 13| 0. 0. 0. U, 0. 0.
300 8.155E 24| 0. 9.508E 14| 0. 0. 2 a, i 0.
1000 7.340E 24| 0. 1.66lE 16| 0. 0. 18 0. a. 0.
1100 6.672E 24| 0. L.720€ 17| 0. 0. J. J. 0. 0.
1200 6.116E 24| 0. 1.203¢ 18| 0. 0. 0. 0. 0. 0.
1300 S.046E 24| 0. 6.225k 18| 0. O. 2 2. 5% 0.
1400 5.243E 24| O. 2.54LE 19| 0. 6.B63E 33| 2.15%€E-)1 | 6.863E 03] O. a.
1500 4.893E 24| 0. 8.583c 19] 0. 1.535E 35| 2.152€ 20 | L.535€ 05| O. 0.
1600 4.587E 24| 0. 2.485E 20| O. 2.331E J6| 2.517k 22 | 2.332E 06 O. 0.
1800 4.U0TbE 24| 9.173E-07| 1.459E 21| 1.61BE-D7| 2.174E 03| 5.183E J4 | 2.174E 08| O. 0.
2000 3.664E 24| 1.35TE~03| S5.942E 21| 4.740c-04) B.196EF 39| 4.947E 26 | B.201E 09| O. 0.
2200 3.317€ 24| 4.926e-01| L.867E 22| 3.231E-0L) 1.598E 11| 1.749E 38 | L.599E 11| 2.507E 05| 2.051% 06
2400 3.010F 24| 6.683c 01| %.808t 22| 7.367c Ol| 1.894E 12| 3.338E 29 | 1.897€ 12| 1.988E 07 | 2.203Z 08
2600 2.717E 24| 4.220E 03| 1.059c 23| 7.208E 03| 1.523E 13| 3.935E 10 | 1.525E 13| 8.047E 08| 9.730E 09
2800 2.416E 24| L.444E 05| 2.05LE 23| 3.608E 05| 8.955E 13] 3.137E L1l |3.957E 13| L.913E 10| 2.7342 11
3000 2.09LE 24| 2.978E 06| 3.557€ 23| 1.048E 07| 4.065€ 16| L.799E L2 [ 4<031E 14| 2.952E 1l | 4.961E 12
3200 1.735E 24 | 3.9906 07| 5.582E 23| 1.940F 0B | 1.4%85E 15| 7.774E 12 | 1.427€ 15| 3,160 12| 6.287Z 13
3400 1.36LE 24 | 3.662E 08 T.98Lk 23| 2.448E 09| 4.566E 15| 2.546EF 13 | 3.9856 15| 2.434E 13| 5.825F 14
31600 G.950E 24| 2.398c 09| 1.044k 24| 2.222E 10| 1.257E 15| T.595E 13 | B.536E 15| 1.346E 14| 3.974E 15
3800 6-751E 23| 1.162E 10| 1.256F 24| L.516E L1| 3.340FE 15| 1.955E L% | 1.347E 16| 5.229E 14| 1.961EF 16
4000 4.283F 23| 4.346E 10| 1.407k 24| B.105E I11| B.B36F 16| 4.766E L4 | L.589E 16| L.4862E 15| T.149E L6
4300 1.999E 23 | 2.14% L1} 1.507e 24| 5.933E 12| 3.527F 17| 1.554F 15 | 1.435F 15| 4.47T1E 15 | 3.354% 17
4600 9.l43E 22| 7.725c 11| 1.504E 24| 4.247E 13| 1.205E 18| %.210E 15 | 1.084E 16 1.032E lo | 1.188E 18
4900 4.331E 22| 2.258E 12| 1.455E 24| 2.037E 14| 3.536EF 13| 9.547¢ 15 | 7T.835E 15| 2.042k 16 | 3.5138 18
5200 2.173€ 22| S.731€ 12| 1.390t 24| B.119c 14| 9.143E 14| 1.962E 15 | 5.708E 15| 3.661E 16| 9.1208 18
5600 9.518E 21| 1.694E 13| L.301E 24| 4.102E 15| 2.755€ 13| 4.395E 16 | 3.885E 15| T.151E l&| 2.761E 19
6000 4.594E 21| 4.3B0E 13| L.219c 24| 1.697c 15| 7.213€ 13| 3.725E L6 | 2.777€ 15| l.271le 17| 7.209: 19
6500 2.081E 21| 1.247t 14| 1.127E 24| 8.059E 15| 2.028E 23| 1.789€ L7 | 1.942E 15| 2.3%28 17| 2.028z 20
7000 1.047E 21| 3.1426 14| 1.04bE 24| 3.156E 17| 4.926F 23| 3.274E 17 | 1.441E 15) 3.973f 17| %.926E 20
7500 5.732E 20| T.L81E 14| 9.759E 23| 1.059c 18| 1.064E 21| 5.453& L7 | L.122E 15| 6.235%c 17| L.0C&4: 21
R000 3.362E 20| 1.5106 15| 9.129E 23| 3.125E 18| 2.090F 21| B.%55E 17 | 9.063E 14| 9.205€ 17| 2.090E 21
9000 1.347€ 20| 5.3876 15| 8.025c 23| L.9T7E 19| 6.%38E 21| L.694k 13 | 5.390E 14| 1.727E 18 | 6.4383 21
10000 6.156E 19| 1.489c 16| 7.025%c 23| 8.853E 19| L.575E 22| 2.3)5E 18 | 4.729E 14| 2,7456 18| L.575c 22
11000 2.987E 19| 3.267E 16| 6.0294E 23| 3.009E 20| 3.227F 22| 3.941t 13 | 3.452F 14| 3.760F 18 | 3.227¢ 22
12000 1.442E 19| 5.67TE 16| 4.977€ 23| B.062E 23| 5.T18E 22| 4.725€ 13 | 2.333L 14| 4.436E 18 | 5.T168 22
13000 6.513E 18| T.732E 16| 3.86dt 23| L.740E 21| 8.903E 22| 4.791E 18 | 1.371E 14| 4.452E 18 | 8.903z 22
14000 2.616E 18| B.1T2E 16| 2.7776 23| 3.003E 21| 1.232E 23| 4.356E 13 | 5.623E 13| 3.747E 18 | 1.2325 23
15000 9.111E 17| 5.681k Ll&| L.B27€ 23| 3.706E 21| 1.533E 23| 2.85BE 18 | 2.566E 13| 2.040E 18 | 1.533 23
16000 2.7T0E 17| 3.2686E 16| 1.109E 23| 4.090FE 21| 1.739€ 23| L.727E 18 | 8.084FE 12| 1.587¢ 18 | 1.7398 23
18000 2.08BE 16 | T.8BYE 15) 3.5B1E 22| 3.925€ 21| 1.B59E 23] 4.695E 17 | 5.560€ 11| 4.3L7c 17| l.859z 23
20000 1.709E 15| L.762E 15| 1.172€ 22| 3.331E 21| L.775E 23| L.191E 17 | 3.950& 10| 1.098E L7 | L.7758 23
22000 1la82TE 14 | 4.%23E 14| 9.292F 21| 2.751E 21| 1.6%53E 23| 3.356E 1o | 3.520F 09| 3.114E 1o | l.645E 23
24000 2.5TLE 13| 1.293FE 14| 1.777E 21| 2.299c 21| L.5LBE 23| L.2J91E 16 | 4.091E 08| 1.0Ll4E 16 | 1.518E 23
26000 4.5B%E 12 | 4.328E 13| B.183c 20| 1.939c 21| 1.405E 23| 4.208E 15 | 5.961E O7| 3.740F 15| 1.405% 23
28000 9.950E 11| l.626c 13| 4.119e 2u| Ll.6ble 21| L1.306E 23| 1.538E 15 | L.041E 07| 1.535E 15 | 1.306E 23
30000 2.539E 11| 6.737€ 12| 2.232t 20| 1.435E 21| 1.220E 23| 7.315E 14 | 2.173E 06| 6.883F 14| 1.2202 23
32000 T.423E 10| 2.B46E 12| 1.287& 20| 1.225E 21| 1.1%4E 23| 3.523t 14 | 5.275& 05| 3.328F 14| 1.144% 23
34000 2.432E 10 1.293E 12| 7.8l08 19| 1.022E 21| L.OT7E 23| 1.329e 14 | 1.454E 05| 1.715e 14 | L.O77E 23
36000 8.7T4E 09| 6.246F 11| 4.954E LY| 8.603F 20| 1.0Ll8E 23| 9.9233E 13 | 4.460F 04] 9.325¢ 13 | 1.0142 23
38000 3.43BE 09| 3.179E 11| 3.262F 19| 7.308E 20| 9.642E 22| 5.557€ 13 | L.501E D4 5.312c 13 | 9.642E 22
40000 1.447E 09| 1.694F 11| 2.219¢ 19| 6.257E 20| 9.162E 22| 3.292E 13 | 5.470E 03| 3.151€ 13 | 9.1622 22

A5ee fig. 2(a).
bWith coulomb interactions between free charged particles for T > 2000 K.

Cy.447E 25 means 2. 447x10°°, etc.
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Temper-
ature,
T,
K

300
400
500
600
700

800
00
o0
1100
1200

1300
1400
1500
1600
1600

2000
2200
2400
2600
2800

3000
3200
3400
3600
3800

4000
4300
“600
4900
5200

2600
6U00
6500
7000
7500

8000
90430
10000
Licoo
12000

13000
14000
15000
16000
L3000

20000
22000
24000
26000
28000

30000
32000
34000
36000
34000

40000

b

EOG

l.835¢
lL.%68E
1.223€
L.049E

9.175E
B8.155E
T.340E
bab6T2E
G.l116E

S.04bE
S.243E
4.H93E
4. HTE
4. UTTE

3.668E
3.330F
3.043E
2. 789E
2.555E

2.3 2dE
2.099E
l.8613E
L.61HE
la 366E

l.lL/E
T-711E
4.921LE
2.9%HE
l.72iE

B.453E
4.313E
2.015%E
L.Uu29E
5.0H9E

3.360E
L.372E
b.521E
Ia424E
1.904E

1.084E
6.1L9E
3. 343E
L.735E
3.834E

6.731E
1.090E
L.882E
3.122€
B8.541E

2+ 254E
6.728E
2.236E
8.146E
3.217€

L.362E

TABLE V. - Continued. NUMBER DENSITIES OF SPECIES IN HYDROGEN PLASMAP

26
26
26
26
26

25
25
25
25
25

25
25
25
25
25

25
2%
29
25
25

25
2b
25
25
25

25
24
24
24
24

23
23
23
23
22

22
22
21
21
21

21
20
20
20
19

L8
18
17
L6
15

15
14
14
13
13

13

Oa
0.
0.
O.
9. 176E-06

1.35%E-02
4. 9%4E U0
bB.T95%E U2
4.332E U4
1.527c Ob

3.316k
4.827E
S5.0l4t 09
3.B96k 1U
2.3459 11

ur
U8

l.131lE 12
B.252E 12
4,124 13
L.520E 14
4a.4%5c L4

L.44lE 15
3.B32E 15
1L.077e 16
2.604c 16
5.629E L6

l.1l4E 17
3.545E 17
9.050e 17
1.932E 18
3.528c 18

5.575E
T.655E 18
B.T44E 138
T.THYE 18
4.495E 18

18

1.812e L&
6. 185 L7
2.060E 17
T.244E 16
2.8LUE 16

L. 177 le&
5.269E 15
2.547E 15
L.296E 15
b.968E 14

3.877E L4

(b) Pressure, 1.01325x10% N/m? (10 atm)

3.259E-10
TeTo4E-UL
3.228E U5
l.786E U9
84367 LL

B8.385E L3
3.007e 1S
5.292E Lo
5.438E 17
3. BUGE 14

1.968E
e Udok
2.Tl4E 20
T.859E 2u
4.601E 21

19
19

l.8BOE
ba9lak
l.529E
3.393E
b.bbYE

22
22
23
23
23

L.lBIE
l.94lE 24
2.954E 24
4. 209 2%
2.652E 24

2%

T« LBIE 29
9. 358E 2%
l.103c 25
l.202E 25
1.239E 25

l.226E 25
L.180E 25
L.109€E 25
L.03be 25
F.722c 24

F.127E
da LUOE
T.231E
b.455E
Sa.T7l9E

24
2%
2h
24
24

4. 989k
4.247E
3.50UE
2. TTHE
L. 534k

24
24
2%
2%
24

7T« 352E 23
3.314%E 23
L.520€ 23
1372 2¢
J.8l6E 22

2. 103E 22
L.225 22
Ta4B8de 21
4. 773k 21
3.155€ 21

21

2.153E

*

H

e

Number density, ﬁ m

| 0.

0.
0.
Ua
Q.

0.
0.
0.
O«
O.

0.
0.
Ua
0.
S.LlLlTE=-UT

1l.500E-D3
1.024E JU0
2.342E 02
2.3U9E 0%
1.173E 06

3.497E
b Th4E
9.051E 09
B. 94%4E LO
G. 799 11

ar
usg

4. 118E 12
4.265E 13
3.064E 14
L.638E L%
6. 936E 15

3.60TE 16
L4881k 17
b.759E 1T
2.504E 18
T.88c 18

2.176E
L.223E 20
5.013E 20
l.6l3E 21
4.268c 21

L9

9.589c 21
L.BeHE 22
3.009E 22
3.955E 22
5.3556E 22

S5.664E 22
5.17T8E 22
4.%86E 22
3.783E 22
3.241E 22

2.782E 22
2.%14E 22
2.102E 22
L.B63E 22
L.65TE 22

1.483E 22

0.

3.859E
B.5635E
1.311E
l.222€

4.6 10E
9.330E
L.072E
B.T04E
5.223E

2.451E
9.383E
3.0213E
8.422E
2.277€

4.654E
1.394E
3.992€
1.339E
2.817E

8.587TE
2.256UE
6.396E
1.551E
3.384%E

G.6648E
2.07T2E
5.141E
1.080E
L-991E

3.301E
5.J00E
6.994E
9.1086E
1.273E

1.475E
L.509E
1.458E
1.378E
1.293E

L.214E
L.L%1lE
L.075€
1-016E
9.631E

F.152E

J%
J3
Jf
a9

1l
11
13
L3
L%

15
13
L6
15
L7

17
Ly
ly
13
i3

L3
20
2)
21
21

21
22
e2
23
23

23
23
23
23
24

24
2%
24
21
2%

2%
2%
24
2%
23

23

ir

.

With coulomb interactions between free charged particles for T > 2000 K.

H™
-3

3.559E
l.523E
4% 15E
1.J99¢E

B.833¢
3.121E
B.U05E
T.20TE
D.3%HE

3.619E
L-7TJHE
6484
24d41E
5.469E

1.282E
3.B51E
1.D23E
Z2.%7THE
5.387c

l.2d6E
Zab%LE
5.555E
L.229k
1.T30E

2.697TE
5.533E
Ya.423E
L-%1llE
1.331€

2.291E
2.517E
2.506E
2.263E
L.384E

5.214E
2. 384E
Ba962E
3.541c
1.532€

6.85TE
3.345E
1.731E
F.%33E
5.379E

3.191E

ph]
e
13
35

ar
J3
i0
Ll
12

L3
la
Lo
15
L5

L&
Lo
r

L7

L
L8
18
19
19

19
19
19
20
2J

20
20
2u
2y
2u

19
19
18
ia
L8

17
17
17
is
lo

L6

+

0.

3.863E
H.637E
l.31l1E
1.223¢€

4.619E
J.031E
L.OTHE
HaTTSE
5.200E

2.484E
9.51JE
3.051E
he3564¢L
L.973E

4,0L7TE
danTHE
1.293E
1.425E
L.315E

L.050E
5.071E
S.914E
Ga4H3IE
3.536E

2.889E
2.095E
L.b35E
1.323E
L.OT3E

B.455E
6 .284E
4a296E
2.652E
T.laBE

1.293€
1.925E
2.875E
4.T45E
B.H845E

L.913E
4.T6BE
L. 334E
4. 136E
1.403E

5.145E

Oa
0.
0.
0.
0.

O.
0.
0.
0.
0.

0.
0.
0.
0.
0.

0.

4.468E
3.55%1¢F
L.445E
3.469E

5.451E
6.055E
5.034E
3.267E
1.703E

T.238E
4e353E
L.&6THE
4.4930
9.463E

2.051E
3.823E
1.275E
L. 246k
1.973€

2.935%E
5.610E
9.223€
l.347E
L.775E

241298
2.325E
2.307:
2.080E
l.272€

5.728E
2.207€
8.328E
3.305E
l.408E

6.452E
3.160E
l.641E
B.973E
5.133E

3.054E

"t

o ]

0.

0.

0.

0.

0.

0.

0.

0.

[+ 79

Ue

0.

[V 9

.

0.

g i
05| 1.1543 06 :
ar L.1268 08
o9 S5.493F 09
10| L.5242 11
il 2.T7T46E 12
12 | 3.4632 13
13 | 3,256E 14
14| 2.3922 15
15 1.419: 16
15| 6.933E 16
16 | 5.2588 L7]
17| 2.634E 18
17 9,367 18
17| 2.644E 19!
La B.406E 19,
18 | 2.2408 20)
18| 6.3738 20
19| L.9983 21
19| 3.381= 21,
19 6.H65F 21
19 | 2.0713 22
19 | 5.1418 22
20 | 1.0808 23
20| 1.991¢ 23
20| 3.301E 23
20| 5,001 23
20| 6.994E 23
20 | 9.1068 23
20 | 1.279% 24
19 | L.4156 24
19| L.509E 24
18 | 1.458F 24
18 | 1.378E 24
18 | 1.293E 24
17| 1.214E 24
17| L.1615 24
17 1.0752 24
16 | 1.0168 24
16 | 9.63LE 23
16| 9.152E 23
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TABLE V. - Continued. NUMBER DENSITIES OF SPECIES IN HYDROGEN PLASMAb

Temper- H%
ature,
T;
K
400 1.835%E 27
500 l.468E 27
(Y] 1.223E 27
700 L.U49E 27
BOO 9.175E 26
900 S.159E 28
1000 1.340c 26
1100 b.0T2E 26
1200 b.1L16E 26
1300 5.646E 26
140U b.243E 26
1500 4.893F 20
1600 4.5BTE 26
1800 4 UTTE 26
2000 3.669E 26
2200 3.334E 26
2400 3.U53E 26
260U 2.812E 26
2800 2.600E 20
3000 2.40BE 26
3200 2.23VE 20
3400 2.U6U0E 26
3600 1.095E 28
3500 1.730E 20
4000 l.bbbk 26
4300 L.320F 20
4600 L.UTYE 20
4900 B.525%E 25
5200 6.509E 25
5600 4.330E 25
6000 2.772€ 25
6500 L-b54c 25
7000 B.BLl2E 24
7500 5.169 24
BOOU 3.162E 24
000 1.341F 24
L0000 6.938E 23
lLivuo 3.542E 23
12000 2.UBYE 23
13000 1.272E 23
14000 B.UbLE 22
15000 5.193E 22
16000 3.45UE 22
18000 1.350E 22
20000 4.972E 21
22000 LabuTE 21
24000 5.02LlE 20
26000 L.470E 20
24000 4,395 19
ERLInD L.373E 19
32000 4.585E Ly
34000 L.641lE 18
38000 6.300k 17
38000 2.5B8E LT
4U0UU 1.128E 17
b

82

0.
Je
0.
0.

0.
0.
Oa
Ua
0.

0.
Oa
Ua
0.
G.l70E-05

1.359E-01
4.950E Ul
6.TIoE 03
4.360bE U5
L.554E OF

93}
usg
10
1l
i2

3.430&
5.127¢
5.543c
4.50lc
2.9T3E

L.584E
1409k
B.998BE
4.345¢k
1654k

13
14
14
15
i6

L&
17
i7
i6
i

T.218E
2.375k
T.B828¢E
2.042E
4a526E

B.913k
2.692¢
6.4 L BE
l.290c
24275t

18
19
19
20
20

3.602E
5. 1E8BE
- 1% --2-13
T.867TE
T.307E

20
20
20
20
20

5.343E
3.242¢
l.674t
T.916E
3.623k

20
20
20
19
19

1. 665k
B.022E
4.032€
2.097t
1.142E

19
16
18
18
i8

6-479c 17

(c) Pressure, 1.01325x<107 N/m?2 (100 atm)

ut

2.4449E
L.02le
5.641¢E
2. b4bE

2.652E
Y.508¢€
t.66LE
1.720E
1.203E

b.225E
2e54lE
d.583¢€
2.%85cC
l.452€

5.947TE
L.872t
4. B43E
L.077E
Ze 128t

3.68l7k
b. 329
Y9.821lt
La440t
2.ULLE

2.690k
3.871lk
5.167E
G453k
7.600c

Ha T7bE
9.461E
9. 73TL
. 603E
G.261E

B.854k
8.007E
T 240E
b.565E
5.962E

5. 405k
4. 876E
4.361E
3. H50k
2+ BBUE

1l.998E
l.289E
T. 85U
4. 642E
2.73dt

l.642E
l.0l1lE
be4lbE
4. 199t
Z.H30E

1.959E

uo
Uo
a9
L2

la
5
ir
La
19

19
20
20
21
22

22
23
23
a4
2%

24
24
24
25
25

P31
25
25
25
25

25
25
25
25
25

25
25
25
25
25

25
25
25
25
25

25
25
24
24
24

24
2%
23
23
23

23

*

H

Number

.
U.
0.
0.

0.
0.
0.
0.
Ua

0.
e
O.
0.
L.618E-06

4. TH4E-03
3.240E 00
T.4208 02
T.332E u4
3.742E 35

1.125E
2.197c
3.008E
3.057c
2.4%15E

o8
ag
10
11
12

1.537¢
l.754E
l.421E
d.66LlE
4. 163E

L3
Le
L5
15
16

2.%90E
L.125E
5.4T0E
2.064E
6.439¢8

17
18
18
19
19

1.735E
9. 072E
3.439
1.032E
2.586E

20
20
21
22
22

22
23
23
23
23

5.635E
L. G94E
1.924L
2.896E
4.T19E

23
23
23
23
23

23
23
23
23
23

6.460E
T.4UlE
T.515E
T.067E
b.3%6E

5.554E
4. T98E
4e 24 1E
3.754E
3.313E

2.960E 23

e

0.

241 TIE
4.855E
Ta369E
b.B56E

2.588E
5.047E
6.005E
4.B82E
2.9%J)E

1.391E
5.402E
1L.781E
S5a.ll4t
1.305€E

3.011E
8.397E
2.30bE
5.286E
1l.128BE

24920
T.150E
1.988E
4.872E
1.056E

2.117E
5.574E
1.579E
3.585E
6.750E

l.151E
1.810E
2.659E
3.684E
5.391E

8.526E
1.045E
l.159E
1.223E
L.192E

1.157E
1.109E
L.057E
L.006E
9.578E

9.125¢

density, ﬁi‘

25
35
a7
13

1
1z
13
14
15

Lo
la
L7
Lt
L8

18
L3
19
5]
22

2
22
21
21
22

22
22
23
23
23

2%
2%
24
2%
2%

2%
25
25
25
25

25
25
29
25
24

24

With coulomb interactions between free charged particles for T > 2000 K.

H

J.

5.505E
2.B95E
T+355E
1.953E

1.563E
5.537E
1.J66E
l.284E
l.J68E

6.607E
3.2)5€E
L.270E
4.242E
L.223E

3.106E
1.223E
2.TbBE
6.397c
L.325E

3.131E
5.TI9E
1.516€
2.971E
5.193E

8.306E
L.752€E
3.083E
4.THBE
5.685E

8.65b6E
lL.246E
1.1BBE
1.272E
1.237E

F.T6LE
5.%22E
3.68lE
L.943E
F.334E

5.101¢
2.bB5E
l.459E
B.217E
4.T9BE

2.B96E

0.

2.171E
4.H58E
T.377E
ba.BHOE

2.603E
5. 102E
b.112E
5.010&
3.046E

L.45T7E
5.7T13E
1.325E
5.51BE
1.416E

3.266E
F.558E
24305E
4.605E
T.5639E

l-141E
1.328E
1.306E
1. 159E
9.969E

H.5T3E
b9H5E
5.357E
4.549E
3.956E

3.462E
3.003E
2.537E
2.072E
1.199E

5.520E
2.017E
5.101E
1.639E
4. 1968

1.115€
3.159E
9.630E
3.163E
1.122¢

4 .248E

05
06
o7
09

1L
12
13
14
15

16
16
17
17
18

18
18
19
19
19

20
20
20
20
19

19
19
19
19
i9

19
19
19
19
19

L8
18
17
17
l6

16
15
14
14
14

0.

T.9TBE
6.359E
2.598E
6.2T3E

9.939¢
1.117E
F.454E
6.305E
3.435E

1.571E
L.161E
6.390E
2. 7058
B.952E

3.112€E
T.828E
1.B30E
3.482E
5.837E

8.978E
1. 784E
3.017¢
4.550E
6.2T9E

8.047E
9.66TE
1.094E
1.169¢E
1.137E

8.999E
5.943E
3.421E
1.813E
9.310E

4.800€
2.536L
1.383¢
T.816E
4.578E

2.77T1E

05
o7
09
10

11
13
13
14
15

16
17
17
18
18

19
19
20
20
20

20
21
21
43
21

21
21
22
22
22

21
21
21
21

20
20

19
19

0.

65.511=
6.363E
3.088c
8.640:

L.557E
1.960z
1.839E
1.349E
8.045E

4.0206
3.389E
2.142E
L. 050E
4.075E

L.782E
5. 7202
l.826E
4. TOSE
l.04&9:z

2.102E
6.bb4E
1. 680E
3.587¢c
6a 7542

l.152E
1.B11E
2. 660E
3.685C
6.092E

B.527E
l.045c
i.159E
1. 200z
L. 192=

1.157E
L.109E
1.057€
1.0062
9.578E

9.125E

wJ

a5
a7
09
10

12
L3
14
15
15

16
17
18
19
19

20
20
2l
21
22

22
22
23
23
23

24
24
24
24
24

24
2%
25
25
25

25
25
25
25
24

24




TABLE V. - Concluded. NUMBER DENSITIES OF SPECIES IN HYDROGEN PLASMAP: @

(d) Pressure, 1.01325x10% N/m? (1000 atm)

Temper- ui H, gt n" & H HE ut
2 2 3 2
ature, .
T Number density, Ny, m'3
K
1640 4.287E 27 (0. 7.859€ 21 | 0. 4.139E I8 [L.%13€ 26 |4.153€ 08 |0.
1800 4.07BE 27 |9.1T6E-04 |4.601E 22 | 5.118E-06 |3.849E 10 |3.463E 28 [3.884E 10 |0.
2000 3.67T0E 27 | 1.36UE 00 |1.BBLE 23 [1.500E-02 [ l.446E 12 |2.762E 10 |1.4T74E 12 |o0.
2200 3.336E 27 [4.952E 02 [5.920c 23 [1.025E Ol |[2.806E L3 |3.7388 L1 [2.903E 13 | 1.435E
2400 3.057E 27 [&.TH6E 04 |1.532E 24 [2.347E 03 [3.3168E 14 |1.963E 13 |3.504€ 14 | 1.152E
2600 2.819E 27 |4.37T9E G6 [3.41LE 24 | 2.321E 05 |2.67T7E 15 {24229E 14 |2.900E 15 |4.749E
280D 2.615E 27 | 1.562€ U8 |b.747¢ 24 [l.Ld6E O7 |1.500E 15 |l.844E 15 [L.TB5E 16 |1.159E
3000 2.434E 27 | 3.466E U9 |1.214k 25 | 3.5T2E OB | 7.522E 15 |[1.136E 16 |[B.658E 16 | 1.B858E
3200 2.2713E 27 |5.224E 10 [2.021k 25 | 7.004c 09 |2.909E 17 [5.510E L6 |3.459€ 17 [2.116E
3400 2.027€ 27 |5.71BE 11 [3.156E 25 | 9.641E 10 |9.575E 1! [2.194E L7 |L.LTTE 18 |l.8L7E
3600 L.992E 27 |4.790E 12 [4.6T0c 25 | 9.879E L1l | 2.757€ 13 |[7.414E 17 |3.496E 18 [1.232E
3800 laBb63E 27 | 3.1996 13 |6.004k 25 |7.891E€ 12 | 7.087€ 13 [2.181E 18 [9.256E 18 |6.B838E
4000 1./45E 27 | 1761k 1% |[8.97dt 25 | 5.100F 13 | 1.655E 19 [5.698E 18 |2.219€ 19 |3.19%E
i 4300 1.573E 27 [1.672c 15 |1.33Jc 20 |b.U0LE L4 [5.075k 17 |1.997c 13 |7.026F 19 |2.468E
4600 1.409E 27 |l.lbbBE 16 |[l.u6Tk 26 | 5.067E 15 | 1.339E 2J [5.937¢ 19 |1.892E 20 | 1.451¢
43500 la2alE 21 |6.315 lo |2.472E 20 | 3.258E 1o |3.125E 20 |1.%49¢ 20 |4.437F 20 |6.80SE
5200 L.099E 27 | 2.755c LT {3.129F 26 |l.67UE L7 |6.599¢ 2) |3.184E 20 |3.228E 20 | 2.632E
5600 9.UBLE 26 |1.484E 18 |4.020t 20 |1.103E L8 |L.580E 21 |[7.760€ 20 [2.078E 21 | 1.238E
6000 T.358E 26 [b.125E 18 |4.874E 26 | 5.537c 18 [3.%00F 21 |Lo5%0E 21 [3.94%E 21 |4.517E
6500 5.499E 26 [2.654c 19 |5.792E 26 | 3.054E 19 [7.989E 21 |3.624E 21 [7.122E 21 |l.e7i%
7000 4.008E 26 |H.T45E 19 |b.4Toe 26 | L.2d0c 20 |1.736E 22 [7.142E 21 |1.048¢ 22 |4.6T0E
T5U0 2.874E 26 | 2.322c 20 |[6.911E 26 | 4.313E 20 | 4.553E 22 [1.291E 22 [1.3L7E 22 |1.034Z
8000 2.04dE 26 |5.2U56 20 | 7.125 26 | 1.223E 21 |6.861E 22 | 2.166E 22 |[1.4B3E 22 | 1.930F
000 Loub3E 26 (1.808k 21 [7.097c 26 |6.643E 21 |2.158E 23 [5.021E 22 |1.57JE 22 |4.799E
10000 5.695¢ 25 |4.507E 21 |6.757€ 20 [ 2.493k 22 [5.544E 23 |9.496E 22 |1.509k 22 |9.107E
11000 3.260E 25 [9.062FE 21 |6.318E 26 | 7.294E 22 [1.213E 2% | L.553F 23 |1.4176 22 | 1.473E
12000 2-003k 25 [1.570c 22 |S5.bb6ot 26 | L7595 23 [2.344E 24 |2.2B4E 23 |L.330E 22 |2.164¢
13000 1.285E 25 [2.437k 22 |5.432F 26 | 3.692E 23 | 4.104F 2% |3.102€ 23 |1.249E 22 | 2.888E
14000 H.255E 24 | 3d.4b69c 22 |5.024E 20 | b6.954E 23 | 6.539E 2% |3.951F 23 |1.170E 22 | 3.659E
150U S5.898F 24 |4.6UUE 22 |4.633c 26 | L.19BE 24 |1.006E 25 [4.772E 23 |1.085E 22 | 4.404E
16000 4.UY0E 24 | 5.TU5E 22 [4.260c 260 | 1.919E 2% | 1.442E 25 |9.501E 23 |9.920F 21 | 5.068F
18000 ?-U59E 24 6,657k 22 | 3.596k 26 | 3.416E 24 | 2.5B6F 25 |6.487¢ 23 |7.778€ 21 [ 5.974E
20000 leUaTE 24 |6.373E 22 [2.900F 26 | 4.936E 24 |4.003E 25 |6.551E 23 |5.466E 21 | 64 139E
22000 S-24Bk 23 |5.355%k 22 [2.300F 26 | 5.140€ 2% |5.512E 25 |6.2%5k 23 [3.391E 21 | 5.598E
24000 2.252E 23 |4.078E 22 [1.7TUk 26 | 7T.225E 24 |6.907E 25 |%.945E 23 |1.848E 21 | 4.598F
26000 1.2036 23 | 2.868E 22 | L1.325c 26 | 7.916E 2% | B.035F 25 | 3.T13E 23 [8.946E 20 | 3.466E
28000 b.935E 22 | L.B71E 22 [9.715E 25 | B.132E 24 [8.827E 25 [2.610EF 23 |3.913E 20 |2.447E
310000 2.512E 22 |1.15%6E 22 | 7.020E 25 | 7.963E 24 |9.291E 25 |1.753F 23 [1.638E 20 | 1.649E
32000 1.138E 22 [6.899E 21 [5.037¢ 25 | 1.530E 24 [9.483EF 25 | L1442 23 |6.705F 19 | 1.080F
34000 5.209E 21 |4.062k 21 [3.613c 25 | 6.964E 24 |9.672€8 25 |7.359E 22 |2.736E 19 | 6.977E
36000 2.424E 21 |2.4U0E 21 |2.604E 25 | 6.333E 26 |9.323E 25 | 4.721E 22 |1.129E 19 | 4.491E
IBLLU L.153F 21 [1.434F 21 [1.8896 25 | 5.912¢ 24 [9.081E 25 |3.336E 22 |4.741E 18 | 2.898F
40000 S.b4dk 20 |B.677E 20 | 1.3Bok 25 | 5.467TE 24 |B.T94E 25 | 1.975F 22 |2.050F 18 | 1.890E

bWith coulomb interactions between free charged particles for T ™ 2000 K.

A5ee fig. 2(b).

H+

0.

0.

0.
06 | 3.704E 05
08 | 3.644%E 07
09 | L.7TB3E 09
1l |5.034%E LO
12 | 9.153E 11
13 | 1.163c 13
14 | 1. 1O0E 14
15 | 8129 L4
15 | 4.878c L5
l6 | 2.451E lé
17 | 2.088E 17
18 | l.345E LB
18 |6.8382 18
19 | 2.916E 19
20 | 1.547TE 20
20 | 6.4062 20
2l [ 2.8L3E 21
21 [ 9.355E 21
22 | 2.492E 22
22 | 5.614E 22
22 1 2.023% 23
22 | 5.432E 23
23 | l.207E 24
23 | 2.344E 24
23 [ 4,113 24
23 | 6.65TE 24
23 | L.009E 25
23 | l.446E 25
23 | 2.591E 25
23 | 4.007E 25
23 | 5.5162 25
23 | 6.910z 25
23 [ 8.0372 25
23 | B.B29E 25
23 | 9.292E 25
23 | 9.483E 25
22 | 9.4T2E 25
22 | 9.323€ 25
22 | 9.081E 25
22 25

B.T95E
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TABLE VI. - INPUT FORM WITH DATA FOR SAMPLE

PROBLEMS FOR COMPUTER PROGRAM FOR

COMPONENTS OF HYDROGEN PLASMA

[Top row of numbers are card column numbers. ]

T 10[1% 25]e6 30|
DH FD IPR _ |
1. 1.01325E48 0
T 10]11 15
T IFLAG
50000, 1
1 10]11 25]26 30
DH FD IPR
T 1.01325E+8 1
T 10[11 15
T IFLAG
300. 0
1500. 0
10000, 0
0000. 0
30000. 0
40000. o)
ACase 1.

bCases 2toT.



TABLE VI, - CUTPUT FOR SAMPLE PROBLEMS FOR COMPUTER PROGRAM FOR

COMPONENTS OF HYDROGEN PLASMA

a {DH 1.0000E GO PO Ll.0132E 08 1PR 0
(PRESSURE 1.0132E 08 N/Ms®2 3.0000E 04 K DENSITY 2.B872TE-IL <G/M**3 TOTAL NUMBER JENSITY 2.6438E 26 L/Meed
COJLOMB COMPRESSIBILITY 0.92540 RECIPAOCAL DEBYE LENSTH L.l4l5E 03 1/ EJJIV. CONC./CRITICAL EQUIV. ZONI. 4.55T1E-D1
SPECIES NUMBEH UENSITY. PARTICLES/CUBIC METER
H T7.8ls65E 25 H+ 9,2924E 25 B 9.2914E 25 H2 3.5576E 22 d=  1.7525E 23 HZ#  L.6494E 23 H3+ 1.5378E 20
DETALLED NUMBER DENSITY FUR H2, MOLECULES/CUBIC METER
GROUND ELECTRUNIC STATE wiTh VISRATIONAL WUANTUM NUMBER OF V=l 4.9227E 21 V=1 4.0348E 21 V=2 3.3616% 21
V=3 2.TeS5TE 21 Vet 2. 2841k 21 V=5 L.B795E 21 Va5 L.53B3E 21 Va7 1.2499E 21 V=8 1.00622 21
d V=5 7.0289E 20 V=10 5.3901E 20 V=ll %.0382E 20 W=l2 2.7185E 20 V=13 1.3668E 20 V=14 3.9788Z 19
LSNS SINGLET S5IGMA STATES WITH N=1 2.5117E 22 N=2 3.3499E 20 N=3 8.13568 19 NEg 0.
LSNP SINGLET 51GMA STATES WITH N=2 3.16T1E 21 N=3 %.3593E 19 h=d 0.
15MP SINGLET PI STATES wiTH N=2 6.1915€E 20 N=3 1.5213€ 20 LELS 0.
L5ND SINGLET SIGMA STATES wWiTH N=3 2.28B79E 19 LER] 0.
LSND SINGLET PI STATES WiTH N=3  4.9196E 19 N=4  J.
ISND SINGLET UELTA STATES wiTH h=3 1.8396E 20 N= 4 3.
L54F SINGLET SIGMA STaTe 0.
1564F SINGLET PI STATE 0.
154F SINGLET DELTA STATE 0.
154F S INGLET PHI STATE Q.
' LSNS TRIPLET SIGMA STATES WITH N=2 1.3200€ 21 N=3 3.2367E 20 N=4 0.
| LSNP TRIPLET SIGMA STATES WITH =3 3.458lE 20 Neh T-3138E L7
1SNP TRIPLET PI STATES wiTH N=Z 3.3393E 21 N2 3 b.9%45E 20 N=4 0.
1SN0 TRIPLET SIGMA STATES wlTH LLE] L.4995c 20 Nm J.
f ISh TRIPLET PI STATES WiTH =3 L.T767TE 20 N= & d.
LSNO TRIPLET OELTA STATES WITH N=3  5.8859E 20 N=4 D
1S4F TRIPLET SIGMA STATE 0.
b« 15S4F TRIPLET PI STaTE 0.
154F TRIPLET DELTA STATE 0.
LS4F TRIPLET PHI STATE 0.
ALL LSN STATES WITH =5 0. N=g 0. Ne7 [+ N=g 0.
N=g9 0. N=l0  G. N=Ll 0. N=l2  D. N=13 0. N=l4 0.
N=15 0. N=16 0. N=LT 0.
TOTAL IN EXCITED ELECTRONIC STATES L.15%59E 22
DETALLED NUMBER UENSITY FUR H, ATOMS/CUBLIL METER
STATES WITH PRINCIPAL JUANTUM NUMBER OF N=I 7.0202E 25 N= 2 5.4332E 24 N=3 2.5298E 24 LELS 0.
N=5 0. N=b 0. N=T 0. N=§ 0. =9 0. N=lO 0.
M=kl 0. N=12 Q. N=13 0. N=l& 0. N=15 0. N=l6 0.
v N=17 0.
q FOTAL IN EXCITED ELECTRUNIC STATES T.9631E 24
’ DETAILED NUMBER DENSITY FOR H2+, IONS/CUSIC METER
; GROUND ELECTRONIC STATE wWiTH VIBRATIUNAL QUANTUM NUMBER OF  v=0  2.35)9E 22 v=l 2.0679% 22 ¥=2  1.8133c 22
' V=3 L.6130E 22 V=4 L.4UTLE 22 V=5 1.2195E 22 V25 L.0533E 22 v=T F. T655E 21 V=8 B. 35132 21
V=g T.0784E 21 V=10 5.9367E 21 VEll  4.3174E 21 ¥el2 4.0L2TE 21 ¥=13 3.215% 21 V=l4 2.51596E8 21
v=15 1.9189E 21 V=16 1.0869: 21 v=LT 6.38B9E 20 v=la 2.11327E 20 V=17 4.6TOBE 19
MISCELL ANEDUS QUANTITIES
DEL I L.3258E 0& DELIN 1.3258E Ob RO L.l1l67E=29 0% L.1167E-09
Curl 4.5937E 0O curz 2.8764E 00 oty 2.225%E 12 24P L.8398BE 33
usP 6.3329E U3 Qe H.21T3E 06 EHET A =7.9584E~-11 = H.0B4TE-14%
ERS ~3.9636E-09 DELLV =~5.6BB4E~08 DELLGMIL) 2.5241E-07 JELLGMI2)-2.11%1E-07
DELLGH(3 1-2.114LE-07 OZLL5MI 4) 2.51 TeE~DOT VELL3MI5)=-2.1208E~0T7 DE..GHIG)-2.1206E-07
L UELLGMITI=2.1271E-07 ETAD 3.0000E 00 Il % Iz L]
¢ {DH 1.0000E 00 PD 1.01326 08 PR L
300 2.447E 28 0. 3.25%E-09 0. 0. Ja J. 0. 0. Z2.6%T7E 28 3.2539E-)%
1500 4.893E 27 0. 2. 7l4e 21 0. 2.T28E 37 5.145E 04 2.73&4E 07 0. 0. 4,B8935 27 2.71%E 21
10000 5.695E 25 4.507E 21 6.757€ 2o 2.493E 22 5.54%E 23 9.496E 22 1.509E 22 9.107E 22 5.432FE 23 5.6958 25 5.758E 2%
d< 20000 L.047E 26 6.373F 22 2.900E 26  4.936& 26 #.003E 25 5.551E 23 5.456E 21 6.139E 23 4.007E 25 1.1112 24 2.9508 2%
30000 2.512€ 22 1.156E 22 7T.020E 25 7.963E 24 9.291E 25 1.753F 23 1.63BE 20 [.649E 23 9.292F 25 3.66BE 22 T.B15E 25
40000 S.648E 20 B.6T7TE 20 1.386E 25 5.467E 24 B.794E 25 L1.975E 22 2.050£ 18 1.890€ 22 B8.795E 25 1.432F 21 1.933E 25

AFirst page of case 1.
bSeccnd page of case 1.
CFirst page of cases 2to 7.

dSecond page of cases 2 to 7.
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Figure 1. - Pressures and temperatures covered in this
report. Errorin I:} in upper left-hand corner was

excessive because

neglect of intermolecular forces
between neutral species.



m=3

Number density, N;,

N w3

Number density, Nj, m

{a) At pressure of 1, 01325x 10° newtons per square meter
{1 atm).

Species
1047 H

1021 -~
0
Temperature, T, K

(b} At pressure of 1,01325x108 newtons per square meter

(1000 atm),

Figure 2. - Number densities of components of hydrogen
plasma with coulomb interactions between free charged

particles for T 2000 K.
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Number density of species i, ﬂi- rn'3

Ratio of calculated number densities, N; py/N; g

N
W

L
102
02l
1020 =
- —— With H3
E ———— Without’ H*
10“ e 3
18 [ | 1 ]
1073 4 5 6 7 8x10%

Temperature, T, K

Figure 3, - Calculated number densities of e~ and H
in hydrogen plasma at pressure of 1. 01325x10% newtons
per square meter (1000 atm} with and without Hi,
Coulomb interactions between free charged particles
were Included.

L5 —

| l | J
"o 8 16 2 3 20010
Temperature, T, K

Figure 4, - Ratio of calculated number densities of H, €7,
and H™ with and without coulomb interactions between
free charged particles. Pressure of 1. 01325x10° newtons
per square meter (1000 atm).



Number density, R, m
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j_— This report {with coulomb inter-
— actions between free charged
- particles for T3> 2000 K}
5 — — — Krascella (ref. 1)
— -—— Rosenbaum and Levitt {ref. 2)
I | | i [ |
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Temperature, T, K

Figure 5. - Number densities of Hy molecules and free ele&truns in hydrogen plasma calcu-
lated by different investigators at pressure of 1.01325x10" newtons per square meter
{100 atm).
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Start

Input DH, ~ / Assign values Input T, Compute Z,, Initialize
\ pg. PR to constants TFLAG sum " variables
¢ No l
Yes
Set 11 = 999
I2 = 998
Write long Write short Compute low | NO
output output | Tcomposition
Yes

Compute quantities
peculiar to long output

Is

i

Compute
mp'u }'h' &y,

ql; q4s q?’
equilibrium
constants, and Sd

No
IP;_ :ngnd Compute Compute medium | °
i DELIN T composition
! r Yes
Compute Set
; 2= 999
Compute l
- o fiF -————————— .
N; and N Make initial ] Set
estimates of n;, V 9=
e Compute s, n, C, X,
X1
Compute RON ] -
and DELIN Set 2= X
3 Y Alnng =
Alnnz— Aln}15 %l
i A Yes Alnng = 30& Aln n7 3&05
relative changes "——r
in ry and A c tMnn'
5 ompute 3
<ToLI? Alnng, AlnV
Setry= RON Set l s
Al = DELIN n=m SetIn nj=Inn; +Aln n;
l == InV=InV+AlInV
Compute Set
a3, g, G i B=19+1 '
No
No Yes Yes
Compute ERS, Set relative changes in
ERETA, Nj, RON =1 n; and V all< TOL2
?

Figure 6. - Simplified flow diagram for computer program for components of hydrogen plasma.



MAIN
LBLP
LEXPC . g (Block data)
[ ¢ | 18LO
LQIPF LINV LQ4PF (Block data) LMATR LBINT

Figure 7. - Block diagram of program and subprograms for components of hydrogen plasma. Direction of

call is indicated by arrowhead, Common storage is indicated by C.
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Potential energy or term value

92

— ——= Dissociation asymptote

1} Internuclear distance, r

Figure 8, - Potential energies and term values of ground state of HE, two excited electronic states of Hy (labeled Hﬁ}, and ground electronic
state of Hy (labeled Hil (not to scale).



NASA-Langley, 1969 —— 25

\ ———— Actual potential energy
~ ——— Actual dissociation asymptote
————Dissociation asymptote if principal quantum numbers were
independent of r
—-~— Potential energy if principal quantum numbers were inde-
pendent of r
=
b
[=4
@
=
b=
=
&
Internuclear distance, r
Figure 9. - Quantities in approximation for hump height for excited elec-
tronic state Hj with promoted molecular orbital. (Not to scale. )
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